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Our study focuses on the application of volatile metabolomics and chemometrics 
in plant pathology. Chapter one provides an overview of mass spectrometry based 
volatile metabolomics. 
The study of volatile metabolites profiles from virulent and hypovirulent strains 
of C. parasitica are presented in chapter two. The microbial volatile organic compounds 
(MVOCs) profiles were analyzed via headspace solid phase microextraction (HS-SPME) 
and gas chromatography (GC)-mass spectrometry (MS). The results indicate that the 
MVOCs from these two strains are significantly different. Furthermore, the study 
explored MVOCs differences associated with hypovirulence processes. The study found 
that both hypovirulence and aging can alter the virulent strains' MVOCs, and the process 
can be observed via their volatile metabolites.        
Chapter three describes the effects of aging, cultivation medium, and pH on 
fungal volatile metabolite profiles, all of which can change the strength of MVOCs 
emission and their composition. An acidic environment favors fungal bioactivity and 
therefore enhanced MVOCs emission. However, due to the inherently low MVOCs 
production from hypovirulent strains, the pH effect was less apparent in the hypovirulent 
 
 
isolates. The strength of MVOCs emission was highly correlated to the fungal expansion 
in virulent strains for the first 14 days. Finally, the cultivation media are critical to the 
fungal MVOCs production. Among the tested media, cornmeal was least favorable for 
MVOCs production for both strains.    
Chapter Four presents a study of the total constitutive phenolic content estimation 
and volatile organic compounds identification from four species of chestnut tree leaf 
tissues. Folin Ciocalteu reagent assay with UV/Vis spectrophotometry was applied to 
estimate the total phenolic content in leaf tissues of American chestnut (Castanea 
dentata), Chinese chestnut (Castanea mollissima), and their backcross breeding 
generations (B3F2 and B3F3). The results show that the variations among these tree 
species are significant (ANOVA, p < 0.05). The kinetics of phenolic compound solid-
liquid extraction was elaborated using Peleg, second order, and power law models. 
Moreover, the analysis of VOCs collected from these species indicated that the 
distinction of American and Chinese chestnut could be archived via their VOCs, while 
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INTRODUCTION TO VOLATILE METABOLOMICS FOR FUNGI AND PLANT 
APPLICATIONS 
1.1 Introduction to Metabolomics 
Understanding complex biological mechanisms often requires information from 
multiple levels including genomics (whole genome sequencing), transcriptomics (RNA 
expression), epigenetic patterns (post-translational modification), proteomics (protein) 
and metabolomics (metabolite) (Figure 1). A genomics study focuses on the systematic 
analysis of an organism’s genome to identify abnormalities in a biological process. 
Transcriptomics is used to examine the complete RNA transcripts produced by the 
genome. It allows for the identification of distinct gene expression under experimental 
treatments. Proteomics characterize a collection of proteins including abundance, 
variation, and modification, or their interaction networks in response to cellular 
processes.1 Metabolomics studies small molecules that are produced or transformed 
during metabolism and has rapidly developed in recent decades.  
Metabolomics is the discipline aimed at analysis of metabolites (small molecules 
that are substrates or products chemically transformed from metabolism) and serves as a 
direct indication of biochemical activities which correlate with a biological systems’ 
phenotype.2 These metabolites drive essential cellular functions including energy 
production or storage, signal transduction or apoptosis, and protein regulation. The 
 
2 
metabolome (collection of metabolites) represent both the genome downstream output 
and the upstream input from the environment. Therefore, the study of metabolomics 
provides the identification of metabolic phenotypes in the form of endogenous (gene-
derived metabolites), and exogenous (environmentally derived) metabolites.3 
 
Figure 1.1 Multi-omics in a biological system and the interaction between genomics, 
transcriptomics, proteomics, and metabolomics.  
Endogenous metabolites, such as acetyl-CoA, ATP, and NAD+ can operate as co-
substrates or in the regulation of post-translational modifications. 4, 5 Endogenous 
metabolites can also be involved in metabolite-protein interactions for transport and 
signal transduction. For example, hormones can transport themselves by interacting with 
plasma proteins,6 indole compounds can activate aryl hydrocarbons (AHR) and 
subsequently initiate the signal transduction between enteric microflora and the immune 
system. 7  
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Moreover, metabolomics also reflects the biological system's phenotype under 
environmental perturbation. An example is the expansion of microorganisms usually 
associated with the production of acidic or basic metabolites that adjust pH for 
optimization of living conditions. The secretion of oxalic acid and subsequent 
acidification can increase from pathogenesis of the fungus Sclerotinia sclerotiorum.8 On 
the other hand, Masachis et al. suggested that alkalinizations occur during infection from 
the fungus Fusarium oxysporum.9 Furthermore, the fermentation of bacteria in the human 
colon produces short-chain fatty acids with stable state pH balance accomplished via 
mucosal production of bicarbonate. Factors such as aging or disease can lead to the 
failure of regulatory functions and the loss of a steady state pH.10 
The primary aim of metabolomics is to discover essential metabolites that 
correlate to disease pathogenesis or environmental perturbations of metabolism networks. 
Compared to other “omics” methods, metabolomics is more sensitive to therapeutic 
interventions.11 Applying metabolomics to perturbations such as the interactions between 
microbiota and host can provide meaningful insight into a biological system and its 
environment. Therefore, metabolomics finds application in numerous areas, such as a 
systems-biology approach to medicine, biomarker discovery, drug development, plant 
pathology, microbiology, environmental and food chemistry.  
The extensively applied methodologies for metabolites discovery and 
identification include untargeted or global metabolic profiling, which focuses on the 
measurement of as many metabolites in a biological sample as possible without a priori 
knowledge. Targeted metabolomics includes a priority aim requiring examination of 
specific metabolites in a pathway of interest. Targeted metabolomics uses an optimized 
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method incorporating prior information of a biological system. Targeted metabolomics 
provides higher sensitivity and selectivity2 than untargeted applications. By applying 
targeted metabolomics, Wang et al. identified five branched-chain and aromatic amino 
acids that are highly correlated to diabetes.12 Untargeted profiling can be used to uncover 
metabolic connections such as Hazen et al. discovering the link between trimethylamine 
N-oxide (TMAO) and the development of atherosclerosis.13 
1.1.1 Analytical Methods for Metabolomic Identification 
Extensive development of analytical instrumentation has certainly advanced the 
metabolomics field. Progress has been made both in specific compound detection 
instrumentation and in advanced signal-processing techniques. In recent years, mass 
spectrometry (MS) has become the dominant analytical platform in metabolomics 
research due to its low detection limits, the ease of combination with chromatographic 
separation techniques14 and high sensitivity and selectivity for metabolite detection and 
identification.15 Extensively utilized mass spectrometry-based metabolomics include gas 
chromatography-MS (GC-MS), liquid chromatography-MS (LC-MS), capillary 
electrophoresis-MS (CE-MS), and ion mobility (IM)-MS. GC-MS is used for volatile 
metabolite analysis while LC-MS can be utilized to discover low volatility polar and non-
polar biochemicals. CE-MS can be applied to charged or polar metabolites16 and IM-MS 
to separate metabolites based on mobility differences of chemicals in the low/high 
electric fields.17 Recently, mass spectrometry has been further developed to include 
metabolic imaging. The visualization of metabolites of interest from in vivo or in vitro 
tissue samples is achieved via matrix-assisted laser desorption/ionization (MALDI)-




The expansion of metabolomics includes the development of bioinformatic 
databases. These tools transformed metabolomics from general compound identification 
toward potential pathway assignments and biological mechanism interpretation. 
Metabolomics software packages such as MetAlign, MZMine, and the online database 
XCMS online facilitate data acquisition and processing from complex data sets generated 
from untargeted metabolomics.21 Metabolites can also be identified using databases such 
as the Human Metabolome Database (HMDB), Mass Bank, GMD, and METLIN. To 
date, HMDB and METLIN contain more than 57,566 identified metabolites and more 
than 45,000 MS/MS spectra which are publicly available.22, 23 
Metabolic networking databases such as the Kyoto Encyclopedia of Genes and 
Genome (KEGG) aid with comprehensive understanding of identified metabolites in both 
a biological context and function interpretation. The integration of metabolic data with 
online networks enables elucidation of discovered metabolites and their roles in 
metabolic pathways in the context of upstream proteins or genes. For example, Johnson 
et al. integrated metabolic information in the context of system biology to elucidate the 
mechanisms of how bacterial biofilms affect the host environment. They found that in the 
development of colon carcinogenesis, colonic bacteria upregulate polyamine metabolites 
to enhance the production of N1, N12-diacetylspermine (DAS) which benefits eukaryotic 
proliferation and biofilm formation. The enhancement, in return, boosts cancer growth 
and metastasis.24 This study serves as a classic example of utilizing metabolomics as a 
powerful tool to gain novel insights into disease. The discovery of the correlation of DAS 
with biofilm formation was conducted via an untargeted approach followed by targeted 
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approach validation, KEGG pathways identification, and traditional biological 
techniques, resulting in the elucidation of a complex system.  
1.1.3 Process Workflow 
In summary, as the end products of biochemical processes, metabolites provide 
valuable insight into an organism’s activity at a given time. Their detection, as presented 
in Figure 1.2. through a mass spectrometry metabolomic workflow, involves sample 
material preparation, sampling, spectral data acquisition, pretreatment, data analysis, and 
biological interpretation. The first step of the workflow is the choice of sample materials 
of interest such as plants or microorganisms. The second step involves the extraction of 
metabolites from the sample matrix. For volatile metabolites, solid phase microextraction 
(SPME), stir bar sorptive extraction (SBSE), and thermal desorption tubes are often used. 
For non-volatile metabolites, common techniques such as solid phase extraction (SPE), 
liquid-liquid extraction (LLE), or supercritical fluids extraction (SFE) are applied. In data 
acquisition steps, metabolites can be separated by gas chromatography (GC), liquid 
chromatography (LC), or capillary electrophoresis (CE), and ionized by electron 
ionization (EI), chemical ionization (CI), or electrospray ionization (ESI).  
After obtaining spectral data, data pretreatment is essential to ensure data quality. 
The purpose of pretreatment is to remove artifacts and to identify, align, and normalize 
chromatographic peaks. Clean datasets are then processed in the data analysis step. 
Available methods include both statistical and neural network-based approaches. Finally, 
the data are interpreted with respect to metabolic pathways for understanding high-level 
biological functions. Databases such as Kyoto Encyclopedia of Genes and Genomes 
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(KEGG), Human Metabolome Database (HMBD), and Metlin are often applied to assist 
the process.  
 
Figure 1.2 Workflow of mass spectrometry based metabolomics 
1.1.4 Interpretation Challenges 
Metabolomics studies connect cellular phenotype and genotype. Although 
metabolomics is advancing biochemical research, it is a relatively young discipline, and 
challenges still remain. The key challenge is to interpret the complex data files from 
untargeted metabolomics. Global approaches measure scores of metabolites. Therefore, 
detection of significant features is complicated. Peaks detection may also be confused by 
instrumentation drift. As a result, filtering, feature detection, peak alignment and 
normalization challenges remain.25  
Patti et al. indicated that metabolites generated from a biological system are larger 
than anticipated and cannot be accounted for merely from metabolism pathways. In other 
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words, a given metabolite is not encoded in the genome in the same way as proteins or 
transcripts. Therefore, many of the identified metabolites from experiments cannot be 
matched to databases.3 In addition, challenges remain in the confirmation of metabolites 
and the validation of biomarkers. Biological sample variation from a multitude of factors 
cause difficulties in the validation of biomarkers.2  
 Future perspectives of metabolomics are optimistic. The continuing development 
of analytical instrumentation and bioinformatics tools improves instrument performance, 
experimental design, and data interpretation. Recently developed stable isotope labeling 
methods26 advance the ability to reveal uncovered relevant metabolites. The rapid 
increase of online databases, which contain more metabolite references and further 
optimized network mapping tools, will further strengthen metabolomics research.   
1.2 Volatile metabolites (volatile organic compounds) 
Volatile metabolites are produced from microorganisms or plants, and include 
primary metabolites (compounds that are essential to growth and development) and 
secondary (compounds that deliver specific functions) metabolites. A large number of 
volatile metabolites are lipophilic substances with common physical and chemical 
properties such as low molecular weight, low boiling point, and high vapor pressure.27 
Based on these properties, the volatile organic compounds could travel far from the 
location of production through the atmosphere, porous soils, and through liquids. As a 
result, volatile metabolites can be used as information carriers. Volatile metabolites often 
function in communication pathways28 for both inter- (same species) and intra- organism 
(different species)29 applications.  
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Many studies have been carried out to investigate the roles of volatile compounds 
in plant-plant and plant-microorganisms interactions. For example, when adjacent 
sagebrush (Artemisia tridentata) was damaged or wounded, the exposure to volatiles 
emitted from the sagebrush foliage primed defense responses in nearby wild tobacco 
(Nicotiana attenuata).30 Plants increase production of their defense proteins, and protease 
inhibitors (PI) faster when attacked or preparing to be attacked.31 Moreover, research 
indicates that by emitting volatile chemicals, plants can either defend themselves from 
pathogenesis, herbivores, and pests29, 32 or attract pollinators and seed disseminators to 
promote reproduction.33 
Volatile metabolites also play critical roles in microbial ecology. For example, the 
volatile compounds produced by the fungal pathogen Fusarium culmorum induce 
changes in both gene and protein expression in bacteria Serratia plymuthica.34 Therefore, 
secondary volatile metabolites (compounds that deliver specific functions) can be 
important to both local ecology and organisms. However, to date, a significant fraction of 
genes that synthesize secondary volatile metabolites, even in extensively studied species, 
remain undiscovered.35  
1.2.1 Plant volatile organic compounds 
Volatile metabolites from plants belong to different chemical classes. Nearly 1700 
plant volatiles has been identified from a variety of plant families.36 Major chemical 
classes occurring in the plant VOC profile include aliphatic, benzenoids, 
phenylpropanoids, mono- and sesquiterpenes, and C5-branched compounds.37 The 
production or biosynthesis of these diversified VOCs, however, come from only a few 
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metabolic pathways38 such as the isopentyl pyrophosphate (IPP) pathway, which can 
produce sesquiterpenes, monoterpenes and diterpenes from alternative intermediates.39  
1.2.2 Microbial volatile organic compounds 
The microbial volatile organic compounds (MVOCs) are a type of VOC that are 
emitted from microorganisms. MVOC production is highly correlated to their metabolism 
and reflect microbial activities.40 To date, more than 300 different VOCs have been 
identified from fungi.41 These volatile metabolites contain organic acids, simple 
hydrocarbons, alcohols, aldehydes, heterocycles, aromatics, esters, ketones, benzene-
derivatives, terpenes, and thioesters and their derivatives.42 Fungi produce VOCs to 
support numerous ecological functions for inhibition, signaling, and stress response.40  
MVOC analysis can be employed in a wide range of applications including 
agriculture and food chemistry, interspecies signaling, and environmental monitoring. For 
example, Styger et al. studied the formation of flavor and aroma-active components in 
wine that are produced as secondary metabolites during the fermentation process by the 
yeast Saccharomyces cerevisiae.43 Ditengou et al. studied volatile signaling by 
sesquiterpene emission from ectomycorrhizal fungi and the effect on plant root 
development. The study indicates that, through the emission of sesquiterpenes, the 
ectomycorrhizal fungi promote plant health.44 
Many other fungi utilize VOCs to inhibit plant growth. Li et al. suggested that C-8 
alcohols are correlated to the ochratoxin A (OTA) synthesis in Aspergillus carbonarius.40 
Splivallo et al. demonstrated that VOCs produced from truffles inhibit the growth of roots 
and leaves of Arabidopsis thaliana. Two volatile compounds, 1-octen-3-ol and trans-2-
octenal, induced an oxidative burst (hydrogen peroxide, H2O2) and consequently 
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promoted reactive oxygen species (ROS)-scavenging enzyme activities in Arabidopsis 
thaliana species.45  
Fungal MVOCs have also been used in indoor air quality control and human 
health monitoring. MVOC production from microbiota in indoor environments have been 
demonstrated to have impacts on human health. According to the WHO, exposure to 
damp, moldy buildings tends to increase risks of respiratory symptoms, fatigue, eye 
irritation, and the exacerbation of asthma.46 Lancker et al. studied VOC production from 
indoor molds and correlated mycotoxin production with specific MVOCs; typically, 2-
methylpropanol, 2-methylbutanol, and 3-methylbutanol were detected from all fungal 
strains that were tested.47 Fiedler et al. further indicated that indoor air contamination 
from molds’ MVOCs could be the source of allergens.48  
1.2.3 Sesquiterpenes 
Among all of the volatile chemical classes, sesquiterpenes draw special attention. 
Fungi usually form sesquiterpenes in the late growth phase. The sesquiterpene skeleton 
formation starts from farnesol-pyrophosphate and is cyclized by various sesquiterpene 
cyclases. During biosynthesis, two important intermediates, humulane and germacrane, 
are the branching points for several other sesquiterpene syntheses.49 
Within the vast variety of volatile sesquiterpenes, it should be noted that many are 
lipophilic molecules with moderately high vapor pressure suggesting that their primary 
function is to penetrate cell membranes and deliver very specific messages. For example, 
arbuscular mycorrhizal fungi (AM) are incapable of completing their life cycle until 
receiving chemical signals from the host root. Extensive hyphal expansion only occurs 
after receiving strigolactones, a group of sesquiterpenes, from the host.50 Another 
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characteristic of fungal volatile sesquiterpenes emission is that many related compounds 
are released simultaneously during a given event. Anderson et al. suggests that the 
production of MVOC mixtures rather than a single volatile metabolite leads to the 
enhancement of certain functions and increased resistance. For example, the release of 
sesquiterpene mixtures in communication may strengthen the specificity of messages to 
both receiving species and the activation of responses.51 Some common volatile 
sesquiterpene groups are shown in Figure 1.3. 
 
Figure 1.3 Common groups of volatile sesquiterpenes. 
VOCs can served as species-specific biomarkers for selective discrimination of 
species present in an environment. Complex VOC profiles emitted from plants have been 
successfully used in differentiating plant species.52-56 A recent study further expanded 
VOC pattern analysis for the discrimination of modified plant hybrids from their 
parents.57 Furthermore, the determination of fungal species based on MVOCs has also 
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been successfully achieved. For example, Sun et al. discriminated MVOCs emitted from 
aflatoxigenic Aspergillus flavus among non-aflatoxigenic strains.58 Muller et al. further 
studied the MVOCs collected from multiple fungi species, and showed that the different 
fungal groups can be predicted by characterizing specific emission patterns.59 
Fungal MVOC profiles change distribution and composition with fungus growth 
and expansion.42 Weikl et al. showed that the sesquiterpene emission intensity altered 
during a 35-day interval observation of Alternaria alternate and Fusarium oxysporum.60 
Stoppacher et al. observed that not only sesquiterpene but also C-8 compounds varied 
during a cultivation period of five days in Trichoderma atroviride.61 These studies 
suggest that the alteration of MVOCs over a period of time should be considered when 
used for identification.  
MVOCs profiles can also vary with medium used in fungus cultivation. Muller et 
al. suggested that compared to a natural medium, synthetic growth media produce low 
MVOCs emission profiles.59 Sun et al. studied MVOC patterns from Aspergillus flavus in 
various cultivation media and found MVOC variation exist among test media.58 In 
addition, MVOC emission is highly correlated with fungal activities60. Many fungal 
activities including gene expression62 and metabolite productivities63 are highly pH 
sensitive. Fungi usually modify pH in host tissue to levels that are optimal for fungal 
enzyme activations. 64 For example, one study showed that pH is critical to C. parasitica 
in the plant invasion process, in which the fungus secreting organic acids to decrease the 
pH. 64 Therefore, the correlation between pH and fungal MVOC emission should be 
considered for accurate profiling.   
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Some metabolites including many volatile organic compounds were also 
connected with fungal development processes. In general, metabolites serve three 
functions in fungi, 1) the activation of sporulation65, 2) the formation of fungal 
structures66, and 3) the production of mycotoxins.67 In their late growth phase, when the 
fungus is entering the stationary phase, sporulation processes are activated. Pigments are 
produced also during this stage. Pigments are generally composed of melanins, a 
byproduct of oxidative polymerization of phenolic compounds. These dark brown 
compounds are synthesized during spore formation for deposition in the cell wall. 
Finally, during sporulation, growing colonies secrete toxic metabolites known as 
mycotoxins.68 Studies have shown that certain volatile metabolites can be detected as 
indicators of ongoing mycotoxin production.69 For example, Polizzi et al. utilize MVOCs 
as indicators to match production of mycotoxins in moldy interiors.70 
1.2.4 Application of volatile metabolomics 
The establishment of metabolomics has benefited from recent developments in 
analytical platforms and bioinformatics which allow for comprehensive analysis of 
volatile metabolites in a bio-system. With implementation of advanced GC/MS 
platforms, volatile metabolomics have been successfully applied in numerous studies. In 
ecology, studies have indicated that VOCs produced from plants not only reflects 
environmental suitability but also the quality or conditions of a plant71, and that the 
VOCs profile can be strongly impacted from causes such as insect intervention72 or 
disease infection.73  
Much research has shown that the emission of VOCs in plants is species-specific. 
Therefore, identifying the VOC profile of a plant or fruit is a conceivable way to 
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discriminate or differentiate between plant species or cultivars. For example, Olzi et al. 
evaluated the VOCs from Coffea arabica (Arabica) and Coffea robusta (Robusta) strains 
at the roasting process, and determined that the volatile compositions of the two coffees 
are primarily influenced by species irregardless of the production process. 74 This strategy 
has also been used in plant stress response studies. Zhang et al. combined volatile 
metabolomics and transcriptomics to study the drought stress in Medicago truncatula and 
characterize the metabolic pathway regulation that occurred as a result.75  
Volatile metabolomics have also contributed to improving food quality and 
agricultural efficiency. In food science, volatile metabolomics have been used for 
monitoring metabolic pathway modification, breeding, or gene introduction, which have 
been used for improving fruits’ or vegetables’ aroma and flavors.76, 77 Volatile 
metabolomics also can be applied to improve agricultural efficiency, which measures the 
ratio of agricultural outputs to agricultural inputs. Applications such as preharvest/post-
harvest handlings in cultivars78 and food processing79 have been reported.      
In the era of rapid growth of biotechnologies, plants have been genetically 
modified (GMOs) to stimulate the production of desired metabolites, to increase yield, or 
to improve the quality. Therefore, the application of volatile metabolomics to promote the 
understanding of systems biology becomes imperative. Many expressions of engineered 
genes do not lead to expected results; applied genomic modification often fails to provide 
the desired cellular phenotype. To achieve desired results, a systemic biological approach 
has to be utilized which combines complementary information from metabolomics, 
proteomics, and genomics. Only then can problems be solved which stem from 
evaluating the effect of foreign genes through metabolic status.80 For example, by 
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applying volatile metabolomics, Kusano et al. evaluated the diversity of metabolite 
responses to a transgenic tomato expressing a foreign gene coding for taste-modifying 
miraculin81. This strategy was also used to identify biosynthetic pathways of the enzymes 
O-methyltransferases (CTOMT1) in tomato (Solanum lycopersicum). Results indicate 
that the CTOMT1 was involved in the biosynthesis of guaiacol, a precursor to many 
flavorants like eugenol and vanillin.82 
The regulation and production of secondary metabolites, especially volatile 
metabolites, from fungi has been closely studied. Terpene production from fungal 
emission was revealed by Keller et al., where sesquiterpenes are generated through 
farnesyl pyrophosphate. The terpene synthesis enzyme, terpene cyclase (a conserved 
DDXXD/E motif involved in binding Mg2+ ions), is required to bind phenyl phosphates. 
Further modification such as acetylations, esterifications, and oxygenations were studied 
with substrates of trichothecene and aristolochene to complete formation of various 
sesquiterpenoid mycotoxins. 83, 84 
1.3 Sample Preparation and Extraction 
Many biological volatile organic compounds sample preparation methods have 
been developed.85 For fungal MVOC extraction, thermal desorption tubes86 and 
headspace sportive extraction87 have been reported. For plant VOCs, extraction 
techniques such as steam distillation (SD), simultaneous distillation extraction (SDE), 
purge and trap or dynamic headspace have been used. One of the more suitable analytical 
methods for sampling volatile emission from biological VOCs is solid phase 
microextraction (SPME).88 SPME is a nondestructive sampling method that can be used 
for in vivo analysis89 as the adsorbent, a coated fiber can be used to collect VOCs in the 
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sample headspace. Unlike other traditional sample preparation methods, SPME combines 
isolation, preconcentration, and sampling into one step.90 No destructive sampling is 
necessary to impact the living system under study.91 Studies have shown that headspace 
SPME combined with gas chromatography-mass spectrometry (GC-MS) is a powerful 
tool in fungal MVOCs research as reported in numerous studies.47, 92-94 
1.3.1 SPME Fiber Sample Collection 
SPME was developed by Pawliszyn et al. to meet the demand of facilitating 
sample preparation in analysis of complex living systems. Sampling techniques involved 
in biological sampling are preferred to be solvent-free, accurate, specific and sensitive.95 
For many years, research focused on the simplification and integration of sampling, 
sample preparation, and sample analysis steps in order to reduce sampling errors. SPME 
is gaining popularity in special application areas such as in vivo analysis, which take 
advantage of its unique format and convenient device design. One of the unique benefits 
of SPME is that typically only a small portion of the target analyte is removed from the 
sample matrix, which minimizes perturbation to the system. This advantage allows for 
the stepwise monitoring of chemical changes, partitioning equilibria, and speciation in 
the investigated system.96  
SPME provides a unique feature that permits the measurement of binding 
constants in complex matrices, since SPME signal magnitudes are proportional to the 
concentration of the target analyte in the investigated system. The configuration of a 
SPME collection system usually contains a headspace sampling syringe-like device or a 
direct sampling needle-like device containing fibers coated with suitable extraction 
materials.97 The device is typically exposed to the biological system under study directly 
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for a required sampling time; the device is then introduced to GC for thermal 
desorption.97 
 SPME can be used in direct extraction, headspace extraction, and membrane-
protected extraction.98 In headspace sampling, the coated fiber is exposed directly into the 
headspace above the sample matrix to start the extraction of volatile analytes. Headspace 
extraction is suitable and extensively used for sampling of volatile metabolites emissions 
from plants, animals, and microorganisms.99 The microextraction process is considered to 
be complete when the analyte concentrations have reached equilibrium between the 
sample matrix and the coated fibers.100 Once equilibrium is reached, the concentration 
extracted becomes constant and independent of extraction time.  
The amount of analyte extracted at equilibrium has been explained by both 
thermodynamic and kinetic theories. Thermodynamic theory describes the total amount 
of analyte that can be extracted, while kinetic theory estimates the extraction rate.100 
According to the thermodynamics of partition equilibrium, the amount of extracted 
analyte at equilibrium can be described by 




where n is the concentration of the analyte extracted at equilibrium, Keq is the 
distribution coefficient of the analyte, Vs and Vf are the volume of the sample and the 
coating, respectively, and Ci is the initial concentration of the analyte in the sample. The 
equation indicates that the amount of analyte extracted onto the coating is linearly 
proportional to the analyte concentration in the sample.90  
The kinetic theory based on the law of mass conservation suggests that the 
process of adsorption begins immediately after contact of the fiber with the sample. The 
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behavior of the extraction involves a rapid increase in the mass absorbed by the fiber at 
the very beginning; the rate then slows and eventually reaches equilibrium. A kinetic 
process dominates if the sampling time results in analytes covering less than 95% of the 
coated fiber. A linear proportion relationship was observed between absorption and the 
extraction time before reaching 50% capacity of analytes onto the fiber. The assumption 
of equilibrium is infinite; therefore, practical equilibrium is when 95% of the amount of 
the SPME analyte capacity is extracted from the sample.90 Although SPME has been 
extensively applied, its limitations cannot be ignored. Risiticevic et al. argued that the 
SPME methods face issues with consistency of individual target analytes and sample 
matrices for batch samples, calibration to overcome the sample matrix effect, and poor 
sensitivity caused by low volume on the SPME surface.99 Trends in SPME development 
focus on overcoming the methods limits. Nevertheless, SPME fibers have been 
extensively used in biological samples preparation.   
1.4 Data processes and treatment 
Mass spectrometry-based metabolomics studies result in large amounts of data. 
Datasets contain compound features such as the mass to charge ratio (m/z), retention time 
and ion intensity. Data handling which includes limiting variation from obscuring sources 
is critical to ensure the quality of metabolomics studies. The raw MS data need to be 
preprocessed before meaningful data analysis can commence. The pretreatment process is 
often a test that separates metabolites of interest that have been altered by either genetic 
or environmental influences from interferences. It also transforms raw data into a 
required format for more advanced interpretation.101 
 
20 
This preliminary pretreatment process proceeds through various steps, but in 
general includes detection of features, peak alignment, filtering, and intensity 
normalization102. Feature detection is used to determine the presence of signal peaks, and 
filtering improves the quality of data. Alignment clusters measurements across different 
samples, and normalization removes unwanted systematic variation between samples.103 
The extensive application of mass spectrometry-based metabolomics accumulates 
massive amounts of data from a variety of non-compatible vendor-specific data formats 
when standardized, integrated data is desired.104 In order to keep this data accessible and 
comparable, a universal format such as mzML, has been released for data transfer 
globally.105 
Features (metabolites peaks) must be identified and aligned for all samples. The 
purpose of this process is to extract all the positive signals from the raw data set and 
enhance accuracy and quality of the dataset for further analysis. Common computational 
methods such as XCMS online have been well established and extensively used.106 Its 
algorithm for GC-MS data peak identification uses a data deconvolution method that has 
been developed to overcome problems that arise when multiple ions from the same 
molecule are misassigned.107 The program factors in retention time and is able to identify 
that numerous fragments can have identical retention times and therefore likely come 
from the same molecule.108 
Metabolomics that generate a vast number of features from overlapping peaks 
may cause inaccuracy. Peak alignment can also improve data when applied to correct all 
identified metabolite peaks that have drifted in retention time between multiple 
injections. The XCMS software also provides an alignment function. XCMS utilizes a 
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nonlinear local regression algorithm, LOESS, to align the drifted peaks within the preset 
region.109     
  Normalization is applied to remove systematic bias generated from 
metabolomics experiments. Metabolomic analysis of a dataset provides a snapshot of a 
collection of metabolites that reflects the cellular status under the experimental 
conditions. However, some other factors need to be considered. First of all, 
concentrations of metabolites can be different by orders of magnitude, but it does not 
mean that high concentration metabolites are more important for speciation than those 
that are low. Secondly, environmental perturbations can vary metabolite concentrations 
differently. Folds of change in concentrations could occur in many metabolic pathways 
under certain environmental conditions.  
Finally, technical variation and heteroscedasticity can also affect the quality of the 
data110. Several strategies have been developed to address this issue. Normalization by 
statistical models that calculate scaling factors from an entire data set can be applied to 
the individual samples. Simple statistical models such as median of intensities111 and 
complex models like centering, scaling, and transformation have all been implemented. 
In addition to statistical modeling, normalization using standard samples has also been 
used.112 Centering is a method that converts every metabolites’ concentration from a 
sample data set to zero, not the mean. Therefore, it adjusts the abundant differences 
between high and low. This method is used to focus on the differences, not the 
similarities, of the data.113 
Scaling methods divide each variable by a scaling factor, and aim to adjust for the 
differences based on the response changes from the biological system about the assigned 
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scaling factor. The results inflate small values. Common scaling methods includes 
autoscaling114, range scaling115, and vast scaling116. In auto scaling the scaling factor is 
the standard deviation, and all metabolites after transformation will have a standard 
deviation of one114. Vast scaling focuses on the variables that do not show strong 
influence under varied experimental conditions116. Furthermore, transformations involve 
the nonlinear conversion of data in order to overcome heteroscedastic problems117. Log 
and power transformation are common; however, transformation of the original data may 
cause pseudo scaling effects. The pretreatment methods were summarized in Figure 1.4. 
 
Figure 1.4 Pretreatment methods of volatile metabolomics data  
1.5 Chemometric analysis and data mining 
After pre-processing, metabolomics data can be analyzed through chemometric 
analysis such as multivariate statistical analysis, which simplify and identify important 
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metabolites and reveal correlations within the data. In recent metabolomics research, 
univariate approaches, which are based on the independent hypothesis to analyze 
significance, provide the popular p-values. The newly developed algorithms now can 
overcome the inherent problems such as false positive rates.118 Non-gaussian distributed 
samples and outliers can also be handled with nonparametric tests in univariate 
approaches.119  
 Common multivariate methods for metabolomics data analysis are projection-
based analysis, canonical correlation analysis, correspondence analysis120 and the 
recently developed artificial neural networks.121 The main projection-based analysis 
approaches include principal component analyses (PCA),122 partial least squares (PLS)123 
with regression methods of projections to latent structures, and the recently developed 
orthogonal partial least squares (OPLS).124 The PCA model has the ability to extract and 
display systematic variations from all observations to provide an overview of groupings, 
trends, and outliers. PLS-DA and OPLS-DA are methods applied to situations where 
there is a need to elevate the power of the class separation for modeling categories of 
data, simplifying interpretation and finding biomarkers.103 OPLS-DA is typically 
recommended for improvement of interpretation and inter-class variation in the two-class 
problem.125 
Projection-based methods (PCA, PLS-DA, and OPLS-DA) are based on the 
assumption that differences in data are driven by a set of latent variables (LVs). In order 
to minimize these LVs, the methods transform the multidimensional data into a low-
dimensional model plane. The first component indicates the largest variation in the 
samples. The second component corresponds to the second largest variation, and the PCs 
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continue so forth. Moreover, all components in the established model are linearly 
orthogonal to each other. A scatter plot, as a result of the analysis, provides overviews of 
observations processed including interpretation of groupings, trends, and outliers. The 
position of samples determines the similarity of the multivariate variance profile. In 
addition to scatter plots, loading vectors plots are also provided with the projection based 
analysis and define the relationships among the measured variables.126 Clustering 
techniques like support vector machines127 and self-learning maps128 have also been 
adapted to satisfy the demand of metabolomics data mining.  
1.6 Conclusions 
Recent developments in analytical and statistical tools have boosted volatile 
metabolomics research. Volatile metabolomics provides valuable information that reflect 
the physiological state of a biological system and fills the gap between genotype and 
phenotype. The interpretation of metabolomic information highly depends on 
chemometric analysis. Projection based multivariate statistical analysis approaches such 
as PCA or PLS-DA are widely applied. Recently, the combination of multivariate and 
univariate statistical approaches have shown its merits. These approaches will continue to 
be extensively applied to elucidate complex profiles producced through medicine, drug 
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NON-TARGETED METABOLIC PROFILING AND CHEMOMETRIC ANALYSIS 
OF MICROBIAL VOLATILE ORGANIC COMPOUNDS FOR THE 
DISCRIMINATION OF VIRULENT AND HYPOVIRULENT  
CRYPHONECTRIA PARASITICA FUNGUS 
Chestnut blight, caused by the fungus Cryphonectria parasitica, efficiently kills 
native American chestnut trees. Biological control programs utilize double-stranded (ds) 
RNAs containing hypovirulent isolates of C. parasitica. In this study, mass spectrometry 
based metabolomics was applied to determine the microbial volatile organic compound 
(MVOC) profiles from seven virulent and three hypovirulent C. parasitica isolates. The 
MVOC profiles of the virulent and hypovirulent strains were modeled by principal 
component analysis (PCA) and partial least square discrimination analysis (PLS-DA). 
Fungus strain discrimination, achieved with the PLS-DA model, was further confirmed 
with Orthogonal Partial Least Squares (OPLS). Potential biomarkers were identified via 
Support Vector Machine (SVM) classification and validation.  
In addition, a 28-day observation of the hypovirulence infection process (where 
the virulent form of the fungus was treated with two hypovirulent strains) from initial 
fungal MVOC production to later growth periods was conducted. The results indicate that 
the relative abundance of MVOCs and emission rates vary considerably. Classical two-
way ANOVA and the recently developed statistical algorithm, ANOVA-simultaneous 
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component analysis (ASCA) were used for the interpretation of experimental factors and 
the determination of significant patterns associated with experimental factors. Results 
show that there are significant variations in MVOC patterns when comparing virulent and 
hypovirulent C. parasitica and that these patterns change with period of growth. 
2.1 Introduction 
The fungal pathogen chestnut blight (Cryphonectria parasitica) caused American 
chestnut (Castanea dentata), once a dominant species in the eastern United States which 
played important roles in Appalachian ecology, to be nearly eliminated. Infections from 
the virulent form of C. parasitica usually enter the soft bark of the American chestnut 
through wounds and kills bark tissues creating sunken cankers. Tree tissue above the 
canker dies while the root system remains alive.1 In addition, it was discovered that C. 
parasitica can contain a simple dsRNA virus that can convert virulent strains to 
hypovirulent strains through the transfer of dsRNA via hyphal anastomosis.2 The 
conversion to hypovirulence was found to result in healed cankers which allowed trees to 
survive. However, identification of hypovirulent C. parasitica often involves complicated 
processes such as dsRNA detection, extraction, and conformation.3 Efficient and feasible 
identification methods that discriminate between hypovirulent and virulent C. parasitica 
are desired.  
The volatile metabolites emitted from microorganisms or microbial volatile 
organic compounds (MVOCs) are intermediates or end products from various metabolic 
pathways.4 Recent research has shown that MVOCs can be used to elucidate plant disease 
related microbial systems. For example, Sun et al. monitored the MVOC profiles from 
Aspergillus flavus fungal strains,5 and Mattheis et al. reported the MVOCs collected from 
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Penicillium expansum fungus.6 These studies indicate that MVOC profile elucidation can 
help characterize fungal attributes and provide insights into plant-pathogen interactions 
and plant disease prevention.  
The combination of metabolomic techniques and mass spectrometry can 
illuminate cellular state biochemistry. For example, global metabolite profiling, or 
untargeted metabolomics, uses mass spectrometry to detect hundreds of chemicals from 
biological samples rapidly and without bias and provides insights into the molecular 
composition, function, and metabolic pathways of biological systems. This approach has 
been widely applied to cell biology, physiology, and medicine.7 The advantages of mass 
spectrometry as a dominant technique in metabolomics research are its ability to extract 
high content quantitative information from complex biological samples,8 high sensitivity, 
specificity, and easy combination with separation instruments.9 For example, gas 
chromatography mass spectrometry is often used in the detection of fungal volatile 
metabolites.  
Many biological volatile organic compounds sample preparation methods have 
been developed.10 For example, thermal desorption tube11 and headspace sorptive 
extraction12 have been reported. However, one of the more easily applied methods for 
sampling volatile emission from fungi is solid phase microextraction (SPME).13 SPME is 
a nondestructive sampling method that can be used for in vivo analysis.14 Unlike other 
traditional sample preparation methods, SPME combines isolation, preconcentration, and 
sampling into one step,14 with no damage or sacrifice necessary to the living system 
under study.15 Studies have shown that headspace SPME combined with gas 
chromatography-mass spectrometry (GC-MS) is useful in fungi MVOCs research.16-19 
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The aim of global metabolite experiments is often to determine differences in 
sample populations. A major challenge is, therefore, the handling and elimination of the 
false positive spectral data or analytical noise.20 According to Katajamaa et al., raw data 
preprocessing is required when handling data in mass spectrometry-based 
metabolomics21.  Typical preprocessing of the data involves data filtering, feature 
detection, mass spectral peak alignment, and normalization.21, 22 Metabolomic studies 
often result in the formation of complex multivariate datasets that require visualization, 
chemometric and bioinformatic methods for interpretation.23 Multivariance statistical 
methods, including principal component analysis (PCA)25 or partial least squares-
discriminant analysis (PLS-DA), can reduce the dimensionality of complex spectroscopic 
data sets and identify biochemical patterns related to disease or disease intervention.24, 26     
In the present study, headspace SPME-gas chromatography- mass spectrometry 
(HS-SPME-GC-MS) and multivariate statistical analysis has been applied to determine 
the variance in volatile metabolic profiles of virulent and hypovirulent strains from C. 
parasitica fungus.  In addition, MVOCs from a biocontrol trial of chestnut blight by 
hypovirulence treatment was investigated. A global profiling approach was also applied 
to a 28-day observation of MVOC production from the initial fungal growth to its later 
periods. The aim of our study was to identify volatile metabolic biomarkers patterns 
associated with virulent and hypovirulent C. parasitica processes. 
2.2 Materials and Methods 
2.2.1 Chemicals and Growth Media 
Alkane standard solution C8-C20, methanol, glucose, sucrose, FeSO4∙7H2O 
(99+%), tartaric acid, ammonium tartrate, ammonium hydrogen phosphate, potassium 
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carbonate, magnesium carbonate, and L-asparagine monohydrate were purchased from 
Sigma-Aldrich (St. Louis, MO, USA). (NH4)2SO4 (99.7%), KH2PO4 (99.7%), MgSO4 
anhydrous, CaCl2∙2H2O, ZnSO∙7H2O, MnCl2 (97%) were purchased from Thermo Fisher 
Scientific (Pittsburgh, PA, USA). Malt extract agar (MEA) and potato dextrose agar 
(PDA) medium were purchased from Becton, Dickinson and Company (Franklin Lakes, 
NJ, USA). 
2.2.2 Fungal strains 
Seven virulent C. parasitica strains V Great Smoky Mountains 45 (v 45-113), V 
Great Smoky Mountains 49 (v49-1c), V Great Smoky Mountains 88  (v 88-d), V Great 
Smoky Mountains 90  (v 90-1c), Virulent 97 (West Virginia University (v 97)), V Great 
Smoky Mountains 236 (v236-1c), V Great Smoky Mountains 324 (v 324-113), and three 
hypovirulent strains HV EP 95 (West Virginia University hv 95), HV Euro 11 (Italian hv 
96), HV EP 98 (J. Elliston, Michigan hv 98) were provided by Dr. Richard Baird, 
Department of Biochemistry, Molecular Biology, Entomology, and Plant Pathology, 
Mississippi State University, Mississippi State, MS. Virulent isolates (v236-1c), and 
hypovirulent 96 and 98 (hv 96 and hv 98) were utilized in the hypovirulence processes 
experiment. 
The fungal isolates were stored and cultured in Petri dishes containing potato 
dextrose agar (PDA) medium incubated at 26 °C and were subcultured every four weeks 
to maintain freshness. In MVOCs experiments, a fresh piece of medium containing 
fungus was transferred to a 50-mL flask containing 30 mL MEA medium, the flasks were 
then covered and sealed with aluminum foil and parafilm. In each experiment, samples 
were prepared in six replicates. The MVOCs were extracted seven days after incubation 
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at 26 °C. Virulent strain 236-1c was used for biological quality control experiments 
where MVOCs were extracted and analyzed after 7, 14, 21, and 28 days of inoculation. 
Background (blank) chromatograms were collected via HS-SPME GCMS from the 
headspace of media-containing flasks. 
2.2.3 SPME fibers absorption comparison and selection for MVOCs study 
Commercially available SPME fibers, carboxen/polydimethylsiloxane 
(CAR/PDMS), polydimethylsiloxane/divinylbenzene (PDMS/DVB), 
divinylbenzene/carboxen/polydimethylsiloxane (DVB/CAR/PDMS), 
polydimethylsiloxane (PDMS), and polyacrylate (PA) were purchased from Supelco 
(Sigma-Aldrich). SPME fiber performance was evaluated using a set of optimization 
experiments employed using a reference virulence strain of C. parasitica. 
2.2.4 Quality control (QC) samples 
The virulent strain 236-1c was used to provide quality control samples. One QC 
sample was analyzed at the beginning/end of the experiments, and one QC sample was 
injected for every fifteen MVOCs samples. The consistency of the QC samples was 
considered as within the 95% confident region in the PCA score plot. 
2.2.5 GC/MS conditions 
Extracted MVOCs were analyzed with an Agilent gas chromatograph coupled 
with an Agilent mass spectrometry system (GC/MS). The capillary column was a 60 m  
320 µm  1 µm, Agilent J&W column, Santa Clara, CA. The injector temperature was 
kept at 270 °C using a 0.7 mm ID SPME inlet liner (Supelco, Bellefonte, PA). Samples 
were analyzed in splitless mode. GC oven temperature profiles were applied following 
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previous studies.16 Briefly, temperature was kept at 45 °C for 9 min, then increased with 
10 °C min-1 rate to 85 °C and hold for 3 min, the temperature was then increased with 3 
min-1 to 110 °C, hold for 3 min, 3 °C min-1 to 120 °C, hold for 3 min, and 10 °C min-1 to 
270 °C, hold for 5 min respectively. The GC carrier gas was helium (99.9999% purity) at 
a constant flow rate of 2 mL/min. For the MS detection, the electron impact (EI) was set 
as 70 eV with the ion source temperature at 230 °C and quadrupole temperature at 150 
°C. The analytes were characterized by full-scan acquisition from 35-350 atomic mass 
unit (amu). Library matching identified chromatographic peaks to the reference spectra 
(NISTT05a.L, Agilent Technologies, Inc.). 
2.2.6 Data analysis 
 Raw GC-MS data files were converted to CDF format via ChemStation (Agilent 
Technologies, Inc. Santa Clara, CA). The CDF files were uploaded to XCMS online27 
(https://xcmsonline.scripps.edu) to deconvolution, automated peak detection, peak 
matching, and alignment with default settings. The XCMS reports were further uploaded 
to MetaboAnalyst,20 where mass spectral peak intensities were normalized. Artifact peaks 
(such as those caused by noise from SPME fiber/capillary column degradation or random 
noise from the detector) were identified and removed from the data table. The final 
datasets with identified chemical names, retention time-m/z pairs, and normalized peak 
areas were input into SPSS (SPSS Inc. Chicago, IL, USA) for statistical analysis. 
One aim of this study was to determine differences in MVOC profiles between 
virulent and hypovirulent strains of C. parasitica.  Individual integrated gas 
chromatographic peak area was first mean-centered to adjust the differences in the offset 
between high and low of abundance metabolites22 before multivariate analysis. 
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Chromatographic peaks missing in more than 50% of the samples were removed from the 
data set; the remaining missing peak values were assigned to half of the minimum value 
in the original data set. Hackstadt et al. indicated that further filtering out the non-
informative variables in the dataset would improve the results.28 Therefore, 
chromatographic peaks with relative standard deviation (RSD) > 30 % (an indication of 
low repeatability) were manually removed during data filtering. Finally, the peak 
intensity for each feature was normalized using the sum of the intensities29 before 
multivariate analysis. 
The R (https://www.r-project.org) packages chemometrics30 and MetaboAnalyst31 
software were used to perform multivariate modeling. Principle Components Analysis 
(PCA) was first employed to test the repeatability of the sample replicates and to get an 
overview of variations and general clustering among all observations. Partial least-
squares discriminant analysis (PLS-DA) was applied to MVOCs profiles for the 
separation of the groups (virulent strains vs. hypovirulent strains).  
With the PLS-DA model, the calculated R2Y indicates the wellness of model 
fitting to a Y-variance, where R2 is the coefficient of determination of the regression line 
fit. Q2 (predictive ability) estimates the prediction ability of the model.32 A good PLS-DA 
model was obtained when both R2Y and Q2 are larger than 0.8. The variable importance 
in the projection (VIP) in PLS modeling is a weighted sum of squares of the PLS 
weights, representing the relative contribution of each X variable to the model.33 
Variables with VIP > 1 were considered significant in the separation of groups.  
In addition to PLS-DA, Orthogonal Partial Least Squares (OPLS) 34 was also 
performed to discriminate between MVOCs from virulent and hypovirulent strains. 
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Recent studies indicate that univariate strategies, based on the hypothesis testing of each 
variable independently, can handle metabolic datasets35. The two-tailed Mann-Whitney 
U-test was employed to test the two independent groups with a critical p-value at 0.05. 
Fold change (FC) values were calculated as the mean ratio between hypovirulent and 
virulent strains. For biological control (hypovirulence processes) experiments, the two-
tailed Wilcoxon signed-rank test was applied for comparison between two related groups. 
Classical univariate two-way ANOVA and ANOVA-simultaneous component analysis 
(ASCA)36 were conducted for the interpretation of experimental factors and to identify 
factor pattern association. 
2.3 Results 
2.3.1 The SPME fiber comparison in MVOCs extraction 
Fibers used in MVOCs experiments must adsorb analytes at low concentration in 
a complex chemical matrix37. SPME fiber performance can be evaluated for both 
extraction efficiency and the number of identifiable compounds38. The extraction 
efficiency was determined by the sum of integrated peak area from GC/MS 
chromatograms under the same conditions39. Sun et al. evaluated SPME fiber 
performance in fungal MVOCs extraction with standard chemical solutions and 
suggested that the CAR/PDMS coated fiber was the best choice for fungal MVOCs 
profiling5, 16.  
The efficiency of SPME fiber extraction of C. parasitica MVOCs was evaluated 
using five commercially available SPME fibers to extract the reference virulent strain 
isolate 236-1c and the blank (VOCs from MEA medium only). The peak areas and 
numbers of MVOCs were calculated after removing the background and non MVOC 
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impurities. The average sum of peak areas with error bars (standard deviation of three 
replicates) of the identified MVOCs can be seen in Figure 2.1. The CAR/PDMS coated 
fiber has the largest total peak area (6.29×107 counts) followed closely by 
DVB/CAR/PDMS with a total peak area of 5.21 ×107 counts. However, 
DVB/CAR/PDMS (1.24×107) has a larger standard deviation than CAR/PDMS (9.73 
×106 counts). Furthermore, the CAR/PDMS coated fiber extracted 129 MVOCs on 
average, which is superior to all other SPME coatings studied. The results suggest that 
CAR/PDMS has better extraction features for fungal VOCs. Therefore, CAR/PDMS 
coated fibers were chosen for all further experiments.  











































Figure 2.1 Comparison of SPME fibers regarding (a) extraction efficiency (sum of an 
integrated individual peak area from GC/MS chromatogram) and (b) 
number of identifiable compounds. (n = 3; the error bars represent the 
standard deviation of three replicates).  
2.3.2 The repeatability and outliers detection of MVOCs samples 
The repeatability of SPME extraction can be evaluated by calculating the relative 
standard deviation percentage (RSD %) of each identified MVOC.16 However, the RSD% 
method is not efficient due to the complexity of MVOC profiles from C. parasitica which 
often contain more than one hundred chemicals. Chemometric methods, such as PCA, are 
popular because they provide a single model for the whole data set and are sensitive to 
outliers40. Therefore, in this work, the repeatability of replicates and identification of 
outliers from each of the C. parasitica strains were examined by PCA and reported in 
score plots. The score plots (Supplementary Figure A.1) with PC 1 and PC 2 for all C. 
parasitica strains within the 95 % confidence region qualified for further analysis while 
samples outside the 95% confidence limits were removed.  
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2.3.3 Discriminant Metabolomic Profiling of MVOCs from Virulent and 
Hypovirulent C. parasitica 
Typical GC-MS total ion current (TIC) chromatograms of virulent strains and 
hypovirulent strains are shown in Figure 2.2 (a) (b). The TIC spectra reveal significant 
differences between the two strains. A key example is the stronger emission of 
sesquiterpenes commonly observed in the virulent strains compared to the hypovirulent 
strains. Both 7 virulent strains (6 replications of each strain) and 3 hypovirulent strains (6 
replications of each strain) can be distinguished from each other and the MEA (blank) 
peaks (3 replications) (as shown in a 3-d PLS-DA score plot Figure 2.2 c) after 7 days of 
growth. PCA and PLS-DA provide accurate models for discrimination of MVOCs 
profiles between virulent and hypovirulent strains.  
Raw mass spectrometry data were initially processed using XCMS for peak 
alignment. Artifact and blank (MEA agar) peaks were manually identified and removed. 
As a result, 128 features from virulent strains and 98 features from hypovirulent strains 
were used in multivariate analysis. The PCA model was first used to reveal the general 
structure of the whole data set. In the PCA model, five principal components 
cumulatively accounted for 50.8% of the data variation.  
To maximize the separation between samples, the PLS-DA was further applied to 
the datasets. The PLS-DA model was validated with a 2000 times permutation test. As 
shown in Figure 2.3 (a), the PLS-DA provides three distinct clusters in a three-
dimensional scores plot and indicates that separations among MEA agar baseline, 7 
virulent strains, and 3 hypovirulent strains are clear (4 components, R2X = 0.453, R2Y = 
0.846, and Q2 = 0.826). The complete MVOCs profile of C. parasitica containing a total 
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of 138 volatile metabolites from both hypovirulent and virulent strains with their 
normalized peak intensities is listed in Supplementary Table A1. 

















































Figure 2.2 Total ion chromatogram showing differences among MVOCs profiles (a) 
7-grouped virulent strain, (b) 3 grouped hypovirulent strain, (c) A 3D PLS-
DA scores plot obtained from GC-MS spectral data indicating the 
separation can be made between blank (MEA medium) peaks from both 7-
grouped virulent (blue) and 3 grouped hypovirulent (red) strains (best 
separation achieved by 4 components, R2X = 0.453, R2Y = 0.845, and Q2 = 
0.826). 
2.3.4 Discriminant Metabolomic Profiling of MVOCs from Virulent and 
Hypovirulent C. parastica without MEA medium 
The application of PLS-DA and OPLS-DA discriminated volatile metabolic 
profiles between the virulent and hypovirulent strains without considering media. A clear 
distinction was established using the first three components in the PLS-DA model (Figure 
2.3 a). The model parameters R2X = 0.490, R2Y = 0.882, and Q2 = 0.846. The distinction 
with the first two components in OPLS-DA model, where R2X = 0.356, R2Y = 0.920, and 
Q2 = 0.852 (Figure 2.4 b). The explained parameter R2 and the predictive capability Q2 




on VIP values from the PLS-DA model (VIP > 1). Forty-one volatile metabolites with p-
values from the Mann-Whitney U test (p < 0.05) were finally selected as potential 








Figure 2.3  (a) PLS-DA score plots obtained from the comparative MVOCs of 7-
grouped virulent and 3-grouped hypovirulent C. parasitica strains (3 
components, R2X = 0.490, R2Y = 0.882, and Q2 = 0.846) (b) An OPLS-DA 
score plot indicating discrimination between MVOCs from 7 grouped 
virulent and 3 grouped hypovirulent C. parasitica strains (R2X = 0.356, 





Table 2.1 VIP MVOCs Discriminating between 3 Hypovirulent and 7 Virulent 
Strains from Raw Isolates at Baseline 
No. Metabolites VIP1 p.value2 log2(FC)3 possible pathway (KEGG)4 
1 Valencene 1.63 1.08x10-40 -7.78 Sesquiterpenoid and triterpenoid biosynthesis 
2 α-Gurjunene 1.61 1.29x10-37 -14.43 Sesquiterpenoid and triterpenoid biosynthesis 
3 3-Buten-1-ol, 3-methyl- 1.59 4.73x10-34 3.01 others 
4 α -Muurolene 1.53 2.42x10-26 -3.13 Sesquiterpenoid and triterpenoid biosynthesis 
5 π-Calaxorene 1.52 1.27x10-25 -8.07 Sesquiterpenoid and triterpenoid biosynthesis 





1.49 5.07x10-23 -14.67 others 
8 δ-Elemene 1.48 2.77x10-22 -10.21 Sesquiterpenoid and triterpenoid biosynthesis 
10 Acetone 1.42 4.84x10-19 1.34 Glycolysis 
11 2-Hepten-4-ol 1.4 4.13x10-18 4.94 others 
12 Hexanal 1.4 5.25x10-18 3.25 Steroid hormone biosynthesis 
13 1,2-Pentadiene 1.4 7.62x10-18 2.82 others 
14 2-Dodecene, Z- 1.37 7.01x10-17 6.63 - 




1.35 4.30x10-16 2.33 - 
17 p-Xylene 1.34 2.05x10-15 7.95 Xylene degradation 
18 Acetaldehyde 1.33 2.41x10-15 1.81 Glycolysis / Gluconeogenesis 






1.3 4.48x10-14 -10.01 - 
21 β - Elemene 1.29 5.53x10-14 -9.51 Sesquiterpenoid and triterpenoid biosynthesis 
22 1-Butanol, 3-methyl- 1.29 9.07x10-14 1.19 Butanoate metabolism 
23 Ethanol 1.28 1.10x10-13 1.64 Glycolysis / Gluconeogenesis 
24 Furan, tetrahydro- 1.27 2.99x10-13 1.86 Galactose metabolism 
25 Ethylene oxide 1.26 3.84x10-13 1.44 Methane metabolism 
26 β -Panasinsene 1.24 1.70x10-12 -4.82 others 
27 
Carbonic acid, diethyl 
ester 
1.2 2.20x10-11 1.93 others 





1.18 5.06x10-11 -1.41 - 
30 β -Cadinene 1.18 7.26x10-11 -10.49 Sesquiterpenoid and triterpenoid biosynthesis 
31 2,3-Butanedione 1.17 9.42x10-11 1.28 Butanoate metabolism 
32 Undecane 1.16 1.79x10-10 -2.29 others 
33 heptane 1.16 2.14x10-10 1.44 Biosynthesis of secondary metabolites 
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Table 2.1 (continued) 
34 Butanal, 3-methyl- 1.12 1.02x10-9 1.25 - 
35 1-Octen-3-ol 1.1 3.27x10-9 -11.35 others 
36 (+)-Aristolene 1.1 3.30x10-9 -2.17 - 






1.07 1.09x10-8 5 terpenoid biosynthesis 
39 2-Butanone 1.05 2.61x10-8 1.37 Butanoate metabolism 
40 2-Methyl-2-vinyloxirane 1.04 2.97x10-8 3.65 - 
41 α -Cadinene 1.01 1.07x10-7 -10.49 Sesquiterpenoid and triterpenoid biosynthesis 
1Variable importance in the projection (VIP) values were provided by PLS-DA model with VIP > 
1. 2p-value were calculated from two-tailed Mann-Whitney U test with p < 0.05. 3Fold change 
values were obtained as the mean ratio between hypovirulent and virulent strains, a relatively 
higher concentration of MVOCs in hypovirulent strains have positive values while a negative FC 
value indicates a lower concentration in hypovirulent strains compared to virulent strains. 4All 
pathways were obtained from KEGG database (http://www.kegg.jp/kegg/).   
2.3.5 Hypovirulence processes experiments 
PLS-DA was applied to discriminate MVOCs collected from a single virulent 
strain v236-1c isolate untreated (control) and treated with the transmission of two 
hypovirulence strains (hypovirulent strains 96 and 98) after seven days (chromatogram 
shown in Figure 2.4 a). The experiment provided data resulting in 2 principal components 
as illustrated in Figure 2.4 (b), R2X = 0.983, R2Y = 0.996, Q2 = 0.973. All parameters 
exceed 0.8, which indicate that separation using the PLS-DA model is excellent. The 
PLS-DA result indicate that the MVOC profile from the virulent strain was significantly 
changed from the hypovirulence process as early as 7 days after inoculating with the 
hypovirluent strains. Volatile metabolites with VIP > 1 and p < 0.05 from the Wilcoxon 
test were considered as significant. The 13 chemicals (with VIP > 1.3) associated with 




























Figure 2.4 Total Ion Chromatogram showing (a) the post-treatment of the virulent 
isolate after 7 days of hypovirulence infection, and (b) a PLS-DA for 
discrimination of pretreatment (control) v strain and post-treatment after 7 
days (with the first 2 components, R2X =0.983, R2Y=0.996, Q2=0.973) 
The treated (by exposure to hypovirulence) virulent strains showed fewer 
sesquiterpenes emission compared to the virulent strains (Table 2.2). For example, five 
sesquiterpenes were identified with VIP scores greater than 1.3 in the hypovirulent strain 
compared to nine in the virulent strains. Moreover, two metabolites, potentially from 




trimethyl-5,6-dimethylenedecahydronaphthalene and 1,4-cadinadiene were not observed 
from pretreatment virulent MVOCs profiles. Also, butanoic acid, 3-methyl-, ethyl ester 
and 4-ethenyl-4-methyl-3-1-methylethenyl-1-1-cyclohexene and a new sesquiterpene (α-
neoclovene), were discovered only in post-treatment MVOCs profiles. These are 
indicators of a significant impact from the dsRNA virus on the C. parasitica global 
metabolism. Further investigation on MVOCs changes at their 14th, 21st, and 28th day was 
also performed. 
Table 2.2 VIP MVOCs Accountable for Discriminating between Pretreatment 
(Control) and Post-treatment in Virulent Strain after 7-Day Hypovirulence 
Infection 
No. Metabolites VIP1 p-value  KEGG 
1 1,1,4a-Trimethyl-5,6-dimethylenedecahydronaphthalene 1.393 0.00278 
Naphthalene/aromatic compound 
degradation 
2 Butanoic acid, 3-methyl-, ethyl ester 1.366 0.00278 
Valine, leucine and isoleucine 
degradation 
3 1,4-Cadinadiene 1.361 0.0036 Naphthalene degradation 
4 Calarene 1.36 0.00278 
Sesquiterpenoid and triterpenoid 
biosynthesis 





Phenylalanine, tyrosine and 
tryptophan biosynthesis 
7 Valencene 1.344 0.00278 
Sesquiterpenoid and triterpenoid 
biosynthesis 
8 Germacrene 1.331 0.00216 
Sesquiterpenoid and triterpenoid 
biosynthesis 
9 4-Hexen-1-ol, Z- 1.329 0.00434 - 
10 1-octen-3-one 1.317 0.00278 - 
11  α-Neoclovene 1.314 0.00216 





1.311 0.00216 - 
13 Phenol, 4-1-methylethyl- 1.311 0.00278 - 
        1Only VIP score > 1.3 from PLS-DA analysis were list in the table. 
PCA was further applied to discriminate between the control and the post-
treatment (infected virulent strain 236-1c by hypovirulent strains 96 and 98) from their 
MVOCs emission on day 7, 14, 21, and 28. A distinction between control groups and 
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treatment groups can be established among all comparisons (Figure 2.5 a). The results 
indicate that the MVOCs varied not only from hypovirulence infection but also by its 
period of growth. The PCA model is unable to indicate which factor causes the observed 
variation. Therefore, classical univariate two-way ANOVA was applied to further 
elucidate patterns.  
Forty-two volatile chemicals were used as the input dataset; two-way ANOVA 
indicates that two chemical is highly associated with the phenotype (control and 
treatment), seven chemicals were identified as highly correlated with the growth stages 
(from day 7 to day 28).  Only one chemical was associated with the phenotype/time 
interaction. Eight volatile metabolites were affected by both phenotype and time. Eight 
chemicals were affected by interaction and time; three volatile compounds were found to 
not correlate. Finally, fourteen compounds were correlated with the two given factors and 





Figure 2.5 Results of Interactive PCA and two-way ANOVA from the 28-day 
hypovirulence infection experiment (a) PCA model overview of the 





Timmerman et al. argue that separations from classical ANOVA based on score 
values are weak because they are not independent of a metabolomic experiment time and 
dose factors41. ANOVA-Simultaneous Component Analysis (ASCA) was developed to 
analyze metabolic data associated with time factors42, 43. In ASCA, leverage/squared 
prediction error (SPE) plots were made to correlate the MVOCs with the experimental 
factors44. Leverage is used to evaluate the importance of the volatile metabolites to the 
model, and SPE is used to evaluate the fitness of the model for the particular 
metabolites45. MVOCs with high leverage and low SPE were selected.  
ASCA was applied for the analysis of MVOCs patterns between pretreatment and 
post-treatment in virulent strain during a 28-day hypovirulence infection treatment. From 
ASCA analysis (Figure 2.6 a), one chemical 3,7,7-trimethyl- bicyclo[4.1.0]hept-2-ene 
(24.20 min) was mainly affected by the hypovirulence process. Four volatile metabolites, 
cubenene (45.39 min), cedrene (46.28 min), ɤ-gurjunene (44.69 min), and spiro [5.5] 
undeca-1,8-dine,1,5,5,9-tetramethyl (46.23 min) were correlated primarily by the time 
factor. Three chemicals, 2-methyl propanal, β-cubebene, and styrene were influenced by 





Table 2.3 List of Well-Modeled Metabolites from ASCA analysis of MVOCs 
Collected during the 28-Day Hypovirulence Treatment 
factors Peaks R.T (min) Library ID leverage SPE  




time 1 45.39 cubenene 0.0797 0.491 
  2 46.28 cedrene 0.0776 0.283 
  3 44.69 ɤ-gurjunene 0.0775 1.561 




interaction 1 6.63 propanal 0.179 0.00638 
  2 44.52 β-cubebene 0.141 2.203 











   
 
Figure 2.6 ASCA analysis of essential volatile metabolites and relative abundance 
from the 28-day hypovirulence infection experiment (a) ASCA selection of 
essential volatile metabolites correlated with time (growth stages), 
phenotype and the interaction by leverage and SPE analysis (leverage is 
used to evaluate the significance of the metabolites to the model, and SPE 
is a test of the fitness of the model for the particular metabolite). (b) 
Relative abundance representation of cedrene (rt 46.280 min) during 28 
days in control (left) and post-treatment (right). The x-axis is the days after 
inoculation.  
(b) 
        7        14         21        28 
day 
        7        14         21        28 
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2.3.6 Putative Biomarker Combinations 
Xuan et al. suggested that a set of multiple biomarkers rather than a single 
biomarker may be required to provide better discrimination power over time through 
various stages of stress, and these potential biomarkers should be further evaluated for 
their classification capacity.46 The classification capacity of potential biomarkers for 
distinguishing 7 grouped virulent and 3 grouped hypovirulent strains was evaluated using 
a linear Support Vector Machine (SVM),47 and the classification performance was 
assessed by the area under the receiver operating characteristic curve (AUC).48 MVOCs 
with AUC > 0.85 were selected to build putative biomarkers combinations, and their 
discrimination power was evaluated.  
A set of volatile chemicals based on selected frequency are listed in Figure 2.7 
(b). Valencene, δ-elemene, and α-gurjunene received 100% selection frequency, and are 
highly involved in virulent strains. Thujopsene and 3-methyl-3-buten-1-ol received 98% 
selection frequency, thujopsene abundance is high in virulent strains, while 3-methyl-3-
buten-1-ol is relatively large in the hypovirulent strains. 1-Octen-3-ol, a common 
MVOCs discovered in many fungal species, and 1,2-pentadiene have a 92% selection 
frequency, 1-octen-3-ol is low in hypovirulent, and 1,2-pentadiene is high in the virulent 
strains. This set of biomarkers indicated the maximum classification performance with 





Figure 2.7 Receiver operating characteristic curve (ROC) and visualization of the 
important measures in ROC for distinguishing 7 virulent and 3 
hypovirulent strains. (a) Receiver operating characteristic curve (ROC), the 
diagnostic accuracy is calculated from the area under the curve (AUC). 
AUC value was 0.991. (b) Visualization of the important measures in ROC 
exploratory analysis. Selected frequency indicates the rank stability of the 






Mass spectrometry based untargeted metabolomic profiling has been extensively 
used for identification and discrimination of volatile metabolites from organisms altered 
from a range of perturbations.49 The present study demonstrates that headspace-SPME 
combined with GC-MS can efficiently and feasibly provide MVOC profiles of both 
virulent and hypovirulent strains of C. parasitica. Chemometric analysis was applied to 
further identify potential volatile metabolic markers that represent dsRNA virus infection. 
These significance metabolites may improve our understanding of C. parasitica 
pathology and dsRNA infection mechanisms. 
Fungi have been known to produce a variety of secondary metabolites, including 
volatile organic compounds such as hydrocarbons, esters, ketones, aldehydes, alcohols, 
and terpenes. Here, raw GC/MS data from seven virulent strains and three hypovirulent 
strains was first deconvoluted and aligned using XCMS online. After removing artifact 
peaks, volatile metabolites that are present in at least 75% of the samples were selected. 
As a result, a total of 130 MVOCs were identified in the C. parasitica MVOC profile 
(supporting material Table A.1). 
C. parasitica virulent strains showed significantly higher emission of 
sesquiterpenes than hypovirulent strains. Visual inspection of GC-MS spectra in the 
sesquiterpene fingerprinting region (from retention time 40.0 to 50.0 min in Figure 2.3 
(b)) revealed that the emission of sesquiterpenes is significantly higher in virulent strains. 
A PLS-DA model was developed to examine the differentiation of MVOCs profiles 
between groups. The robustness of the PLS-DA model was evaluated by a 100-times 
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permutation test under the null hypothesis. Both R2 and Q2 values indicate that the 
randomly permuted models are not outperformed.  
In a comparison of virulent and hypovirulent strains, fifteen sesquiterpenes 
received VIP score > 1 in the PLS-DA model and small p-values in the Mann-Whitney U 
test. Both statistic models suggest that sesquiterpenes can be used for discrimination of 
the two strains from each other. Discrimination of volatile metabolite profiles was also 
done using orthogonal partial least squares (OPLS) modeling. The OPLS algorithm is 
similar to PLS-DA but improves the interpretation of the predictive components.35 
Specifically, OPLS models filter out nonrelated information on the dependent variable 
prior to calibration.34 As a result, only one predictive component is needed to model a 
single response.35  
Our OPLS modeling of discrimination between the two groups was significant 
compared to random permutation tests. The predictive ability (Q2Y) was above 0.8, 
which indicates good model fitting. High fold change (FC) scores also indicate a 
difference that should be considered. For example, for valencene, FC = -7.78 and its 
average peak intensity from the virulent strain is 2.46 108, which is much higher than its 
average peak intensity (5.73 105) in hypovirulent isolates. An SVM study also revealed 
that sesquiterpene emissions were highly associated with the virulent form. Potential 
biomarkers such as valencene, δ-elemene, and α-gurjnene received 100% selection 
frequency by the model.  
The production of fungal sesquiterpenes is catalyzed by a class of enzymes named 
sesquiterpene synthases. These enzymes have an active site H-α 1 loop that catalyzes the 




discovery of sesquiterpenes MVOCs profiles has also been reported in many other 
species. For example, valencene has been found in Saccharomyces cerevisiae48, and 
muurolene, gurnuneme, elemene, selinene, pinene, ylangene, and caryophyllene have 
been identified in endophytic fungi.52, 53 In addition, humulane and germacrane were also 
identified in c. parasitica MVOC profiles. According to previous studies, they are 
considered to be important intermediate sesquiterpene skeletons and are the branching 
points for several other sesquiterpene.54 
Sesquiterpenes have been reported to function as biologically active compounds 
involved in fungal-plant interactions. This is possible because 1) many sesquiterpenes are 
lipophilic compounds and can target (penetrate) cell membranes, and 2) their structural 
variety allows for the transfer of specific messages.54 For example, Polle et al. suggested 
that thujopsene (also found in our study) acts as a signaling molecule for the 
ectomycorrhizal fungi that triggers the plant NADPH oxidase inhibitor DPI to increase 
the O2
-. level, which stimulates lateral root production.53 
A larger amount of hexanal was observed in hypovirulent strains compared to 
virulent strains (FC = 3.25). Previous studies indicate hexanal is generated from the 
oxidation of linoleic acid and the thermal oxidation of linoleates55. 1-Octen-3-ol has been 
found in many fungal species MVOC profiles. For example, Schumacher et al. identified 
1-octen-3-ol in Trichoderma atroviride fungus,4 and Gee et al. suggested that this 
compound is an indicator of the presence of Aflatoxins producing fungus.56 They also 
believed that 1-octen-3-ol is highly involved in signaling in fungal-plant interactions. 
Bonfante et al. indicated that 1-octen-3-ol induced oxidative burst and an increase in the 
activities of reactive oxygen species scavenging enzymes.57 
 
70 
Our study showed a relatively higher concentration of 1-octen-3-ol in the virulent 
strains (FC = -11.35). The VIP score from PLS-DA and p-value from the two-tailed 
Mann-Whitney U test suggests the difference is significant. This compound was also 
highly selected (98% selection frequency) in SVM calculations, which indicates a 
chemical with high discrimination powers. 3-Methyl-3-buten-1-ol, identified in many 
indoor fungi species,11 was also found in our study. This compound is highly associated 
with hypovirulent strains and has a high selection frequency in SVM calculations. Other 
volatile chemicals such as nonanal, thought to be important in discriminating other fungal 
species56, was not significant in our study.  
The biological control of chestnut blight from treatment with hypovirulence 
strains, where the fungal mycelium from the infection is converted to the hypovirulent 
form, is currently being evaluated by the American Chestnut Foundation. Anagnostakis et 
al. indicate that hypovirulence is a disease to C. parasitica which reduces fungal ability to 
kill susceptible chestnut trees.58 Our study suggests that the treatment can be monitored 
by tracking MVOC emission profiles.  
The PLS-DA model was applied to discriminate MVOC differences between 
virulent strains and the posttreatment virulent strain after seven days. A clear distinction 
was established in the statistical model (Figure 2.2c and Figure 2.3c), indicating that the 
dsRNA in the hypovirulent strains have a significant impact on C. parasitica global 
metabolism. The naphthalene derivative, 1,1,4a-trimethyl-5,6-
dimethylenedecahydronaphthalene, was first observed in the posttreatment MVOCs 
profile. Naphthalene derivatives are usually associated with the fungal degradation of 
polycyclic aromatic hydrocarbons.59 
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Butanoic acid and 3-methyl-, ethyl ester is associated with valine, leucine, and 
isoleucine degradation metabolic pathways. C8 compounds such as 1-octen-3-one were 
also found in the profiles and are believed a marker for tuber melanosporum60. C8 
compounds are commonly produced by the oxidation of linoleic or linolenic acid by 
lipoxygenase and hydroperoxidelyase enzymes.61 This process is involved in the 
breakdown of aromatic compounds to support growth.62 Sesquiterpenes such as 1,4-
cadinadiene and α-neoclovene were identified only in posttreatment volatile metabolites. 
The study shows that α-neoclovene was produced through enzyme EC38-CS 
(caryophyllene synthase), which has been identified in the fungi genome of Hypoxylon 
sp. EC 38.52 
Metabolic data, especially fungal MVOCs, may be affected by multiple factors. To 
estimate whether the hypovirulence process had a significant effect on fungus virulence, 
the study further analyzed fungal MVOCs production from the initial to the later periods 
of growth for both pretreatment and post-treatment groups over 28 days. Specifically, 
MVOCs samples were collected after 7, 14, 21, and 28 days and analyzed by GC/MS and 
two-way ANOVA and ASCS.  
ASCS is a form of multivariate statistical analysis, which is superior for the 
interpretation of experimental factors and identifying significant patterns associated with 
experimental factors63. The ASCS model indicated that 100%, 64.7%, and 52.1% of the 
observed MVOCs differences could be explained by phenotype (pretreatment vs. post-
treatment), a period of growth, and their interactions, respectively. The score plot for PC1 
in phenotype showed that the scores increased from control (pretreatment) to post-
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treatment. Period of growth score plot based on PC1 decreased from the 7th to 14th day 
and increased from the 14 to the 28th day.  
Interaction score plots of PC1 and their corresponding factor showed that PC1 
was the highest at day 7 and decreased until the 28th day. The PC1 in treatment showed 
the exact opposite behavior. Significant features which correlate with experimental 
factors were identified based on leverage and Squared Prediction Errors (SPE). Volatile 
metabolites with high leverage and low SPE were selected as well-modeled. As a result, 
one metabolic feature was selected based on the phenotype, four metabolites were 
correlated to the period of growth, and three features were associated with the interaction 
(Table 2.3). 
2.5 Conclusion 
This study has demonstrated that the nondestructive sampling method, 
Headspace-SPME, combined with untargeted MS-based metabolomics is an efficient and 
feasible method to analyze MVOCs profiles from virulent and hypovirulent strains of C. 
parasitica. Chemometric analysis provided accurate discrimination of virulent from 
hypovirulent strains. The volatile metabolites from the virulent fungus varied after 
transformation to hypovirulence. PLS-DA and SVM calculations further identified 
potential volatile metabolic markers that represent the dsRNA virus infection. The 
application of ASCA indicates that the level of emissions is not only associated with 
treatment but also correlated with the period of growth. Elucidation of the associations of 
biomarkers and their corresponding experimental factors could significantly benefit our 
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EFFECTS OF AGING, CULTIVATION MEDIUM, AND PH ON NON-TARGETED 
VOLATILE METABOLOMICS AND MICROBIAL VOLATILE COMPOUND 
EMISSIONS FROM VIRULENT AND HYPOVIRULENT STRAINS OF 
CRYPHONECTRIA PARASITICA 
Cryphonectria parasitica (C. parasitica) fungus has nearly wiped out the 
American chestnut tree (Castanea dentata). The effects of aging, pH and cultivation 
medium on microbial volatile organic compounds (MVOCs) emissions from virulent and 
hypovirulent strains of C. parasitica has been investigated. The strength (integrated total 
peak area from headspace-SPME-GC/MS chromatogram) of MVOCs emission of the 
hypovirulent strain is relatively constant over 30 days, while the virulent strain emission 
peaked on the 14th day after inoculation. The chemical composition of the MVOCs 
profile varied with age, cultivation medium and pH. Low pH enhanced the virulent 
strain’s emission, while hypovirulent strains were less affected. Greater emissions of 
MVOCs were produced in PDA medium for virulent strains and in Czapek medium for 
hypovirulent strains. All experimental condition perturbations not only influence the 
emission strength but also MVOC makeup.  MVOCs emission strength and chemical 
composition were successfully differentiated using Partial Least Square-Discrimination 
Analysis (PLS-DA) or Orthogonal Partial Least Squares (OPLS). Hierarchical Cluster 
Analysis (HCA) and Self-Organizing Maps (SOM) were used to reveal and visualize 
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MVOCs emission similarities and trends.  Significant volatile metabolites found in this 
study may improve our understanding of C. parasitica pathology and hypovirulence 
mechanisms leading to a better understanding of fungus virulence. 
3.1 Introduction 
Fungi are known to produce a variety of volatile metabolites, or microbial volatile 
organic compounds (MVOCs). MVOCs with low molecular weight and high vapor 
pressure can cross membranes and disperse over distance in the air. 1 Therefore, they can 
serve as active signaling compounds associated with recognition, attraction, and defense 
for organisms in ecological systems. Consequently, MVOVs play a critical role in plant-
fungal signaling or fungal interaction signaling.2 For example, Fiers et al. indicated that 
the volatile molecules released from pathogenic Cochliobolus sativus and Fusarium 
culmorum reduce the length of barley roots significantly.3 In addition, 8-carbon alcohols, 
such as 1-ocetan-3-ol, were recognized as having a role in induced oxidative burst and 
increase in the activities of reactive oxygen species scavenging enzymens.4 Li et al. 
suggested that C-8 alcohols are correlated with ochratoxin A (OTA) synthesis in 
Aspergillus carbonarius.5 MVOCs can also serve as biomarkers to indicate fungal 
activity and to differentiate fungal species. For example, Sun et al. discriminated MVOCs 
emitted from aflatoxigenic Aspergillus flavus among non-aflatoxigenic strains.6 
The list of identified fungal MVOCs includes a large variety of chemical 
structures including ketones, alcohols, aldehydes, esters, terpenes, hydrocarbons, and 
aromatic hydrocarbons.7 Fungi synthesized VOCs play a role in promoting specific 
ecological functions.8 For example, produced sesquiterpenes, a class of terpenoids 
(C15H24), expressly functioned as informatic chemicals because they exchange 
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information between plant and fungal. Ditengou et al. indicate that ectomycorrhizal fungi 
produce sesquiterpenes as message carriers to activate the host plant’s lateral root 
production.9 Schmidt et al. further showed that sesquiterpenes are also used in 
exchanging information in microbial interactions.10 For example, Cugini et al. showed 
that the sesquiterpene farnesol, produced from fungus Candida albicans, can prevent the 
production of Pseudomonas quinolone signal (PQS) and the PQS-controlled virulence 
factor in Pseudomonas aeruginosa bacterial pathogen.11 Sesquiterpenes have a good 
combination of chemical and physical properties that make them good for signaling 
processes. They are lipophilic molecules with moderately high vapor pressures and can 
have a wide range of structures. These properties suggest that their primary function may 
be to penetrate cell membranes and deliver very specific messages.8   
American chestnut blight fungus, C. parasitica, the cause of the death of an 
estimated 4 billion American chestnut tree (Castanea dentata), has been controlled by 
hypovirulence in some areas.12 The hypovirulence phenomenon refers to the reduced 
virulence of C. parasitica when it is modulated by the presence of hypovirulent strains11 
that contains virus-like double-stranded RNA (ds RNA).13 MVOC profiles from both 
virulent and hypovirulent strains have been reported in the previous chapter. Our study 
indicates that sesquiterpenes emission significantly vary between the different strains, 
and that the hypovirulence process alters the virulent strain’s MVOCs pattern. However, 
the limited success of biological control of C. parasitica by hypovirulence in the US 
requires further insights into these complex biosystems.  
Mass spectrometry based untargeted metabolic profiling has been extensively 
used in biological research. For example, Weikl et al. used headspace sampling and stir 
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bar sportive extraction (SBSE) coupled with gas chromatography-mass spectrometry 
(GC-MS) to study sesquiterpene emissions from Alternaria alternata fungus in in-vitro 
samples.14 Sun et al. applied headspace solid phase microextraction (HS-SPME) with 
GC-MS to monitor Aspergillus flavus under the various experimental conditions15. 
Recently, HS-SPME-GC-MS was used by Wu et al. to characterize terpene synthases 
from endophytic fungi.16    
MVOCs profiles change in distribution and composition with fungal growth 
generation and decline.5 Weikl et al. showed that sesquiterpene emission intensity 
changed during a 35-day observation.14 Schuhmacher et al. observed that not only 
sesquiterpene but also C-8 compounds varied during a cultivation period of five days.17 
These studies suggest that changing MVOC profiles over time should be considered. 
Furthermore, these profiles can vary with medium used in fungus cultivation. Muller et 
al. suggested that compared to a natural medium, synthetic growth medium produces low 
MVOCs emission profiles.18 Sun et al. further studied the MVOCs patterns from 
Aspergillus flavus in various cultivation media and found MVOCs variation exist among 
test media.14 Variations in pH can add to the complexity, an increase in host tissue pH is 
often associated with plant infections.19 Zhang et al. showed that pH is critical to C. 
parasitca in the plant invasion process and that the fungus secret organic acids to 
decrease pH to levels that are optimal for fungal enzymes.20 
An untargeted metabolomic approach has been applied to investigate volatile 
metabolites production from both virulent and hypovirulent strain of C. parastica as a 
function of growth stage, cultivation medium, and pH. Through a study of the variability 
of fungal MVOCs emission under different experimental conditions, we provide 
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fundamental data for further inspecting the roles of fungal MVOCs in biological 
functions and for applied approaches to using MVOCs biomarkers for American chestnut 
preservation. 
3.2 Material and Methods 
3.2.1 Fungal Strains 
Virulent strain V Great Smoky Mountains 236 (v236-1c) and hypovirulent strain 
HV EP 88, J. Elliston, Michigan (hv 98) were provided by Dr. Richard Baird, 
Department of Biochemistry, Molecular Biology, Entomology, and Plant Pathology, 
Mississippi State University, Mississippi State 39760, USA. The fungal isolates were 
kept and cultured in 15 × 100 mm Petri dishes (Fisher Scientific Inc. Pittsburgh, PA) 
containing potato dextrose agar (PDA) medium at 26 °C and were subcultured every four 
weeks to maintain freshness. 
3.2.2 Reagents and Culture media 
Malt extract agar (MEA), PDA, cornmeal (CMA), and Czapek Dox agar were 
purchased from Becton, Dickinson and Company (Franklin Lakes, NJ, USA). Basal 
medium was prepared by dissolving asparagine monohydrate (2.0 g), KH2PO4 (1.0 g), 
MgSO4∙7 H2O (0.5 g), thiamine hydrochloride (100 µg), biotin (5 µg), 2 mL of 
microelement solution containing Fe(NO3)3 ∙9H2O, ZnSO4 ∙7H2O, MnSO4 ∙4H2O, and D-
glucose (25 g) into 1000 mL double distilled water. Raulin-Thom medium21 and chemical 
defined agar (CDA)15were prepared based on literature formulas. pH adjustments were 
conducted by acidifying basal medium with sufficient sulfuric acid and basifying with 
sodium hydroxide to yield the required pH solution. The media was autoclaved and 
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transferred (30 mL per flask) to 50 mL flasks. Flasks were sealed and stored at 4 °C 
before use. 
3.2.3 Sample preparation and HS-SPME 
Fungi were grown on PDA in Petri dishes for seven days before inoculation. 
Fungal cultures for MVOCs analyses were made by transferring a fresh piece (about 1 
cm3) of medium containing fungus to a 50-mL flask containing 30 mL of media. The 
flask was then covered with aluminum foil and sealed with Parafilm. Flasks were then 
placed in a growth chamber at 26 °C ± 2 °C. Five replicates of each fungal culture were 
made. Vials containing only media (MEA, PDA, CDA, Raulin-Thom, Czapek, CMA, and 
Basal) were used as controls. MVOCs were extracted 3, 7, 10, 14, 18, 21, 24, and 28 days 
after inoculation for growth stages experiments and after 7 days only for media and pH 
studies using SPME fibers.  
The SPME technique is a nondestructive sampling method that collects flask 
head-space MVOCs. Commercially available SMPE fibers coated with 85 µm Carboxen-
polydimethylsiloxane (CAR/PDMS) (Supelco, Sigma-Aldrich, PA, USA) have been 
successfully used in previous MVOC studies and were used here15. All fibers were 
conditioned based on the supplier’s directions at 300°C for 1 h before first use. SPME 
extraction was performed by exposing fibers to the headspace of fungal cultures for 5 h to 
reach equilibration. After collection, MVOCs were desorbed using a pulsed splitless 
mode followed by GC-MS analysis.    
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3.2.4 GC-MS condition 
Extracted MVOCs were analyzed with an Agilent gas chromatograph (Agilent 
Technologies 7890A) coupled with Agilent mass spectrometer (Agilent Technologies 
5975C) system (GC/MS) with Chemistation software. Separation was done using a DB-1 
capillary column (60 m  320 µm 1 µm) (Agilent J&W column, Santa Clara, CA). The 
injector temperature was kept at 270 °C using a 0.7 mm ID SPME inlet liner (Supelco, 
Bellefonte, PA). The GC oven temperature operation conditions were applied as in 
previous studies.15 Briefly, 45 °C for 9 min, 10 °C min-1 to 85 °C, hold for 3 min, 3 °C 
min-1 to 110 °C, hold for 3 min, 3 °C min-1 to 120 °C, hold for 3 min, and 10 °C min-1 to 
270 °C, hold for 5 min. The carrier gas was helium (99.9999% purity) at a constant flow 
rate of 2 mL/min. Electron impact ionization (EI) was set to 70 eV with the ion source at 
230 °C and the quadrupole temperature at 150 °C. Analytes were characterized using 
scan acquisitions from 35-350 atomic mass unit (amu). Library matching identified 
chromatographic peaks using reference spectra (NISTT05a.L, Agilent Technologies, 
Inc.). 
3.2.5 Data analyses 
GC-MS data files were converted to CDF format with ChemStation (Agilent 
Technologies, Inc. Santa Clara, CA) and uploaded to XCMS22 software to process peak 
detection, matching, and alignment using default settings. The data set was then filtered 
by removing peaks with 75% missing values. The intensity of the resulting peaks were 
normalized with respect to the sum of the intensities, in which each peak intensity was 
divided by the sum of all peak intensities in the fraction. The final peak tables were 
uploaded to MetaboAnalysis23 software for statistical analysis.    
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A nonparametric univariate method, Kruskal-Wallis Test, was performed to 
determine the significance (p-value < 0.05) of peaks among the samples. The false 
discovery rates (FDR) test with p-values less than 0.05 (pFDR < 0.05) was applied to the 
results for further adjustment. The Spearman correlation rank test was used to generate 
correlation matrices for the volatile metabolites. Differentiation of MVOCs emissions 
based on growth stages was analyzed using Principal Component Analysis (PCA), Partial 
Least Squares Discriminant Analysis (PLS-DA), and Orthogonal Partial Least Squares 
Discriminant Analysis (OPLS) (MetaboAnalysis).  
Prior to analysis, all variables were logarithm transformed and mean centered. 
The assessment of trends of MVOCs from growth stages was analyzed by Hierarchical 
cluster analysis (HCA) and Self-Organizing Maps (SOM). HCA was carried out to 
cluster the individual sample volatile metabolites using Euclidian distance and Ward’s 
linkage methods. A dendrogram was plotted to indicate the similarity and distance of 
each sample in the dataset. An SOM algorithm was used to assess trends of metabolic 
variation across samples. This algorithm uses setups node weight vectors randomly in the 
map and calculates the Euclidean distance between the assigned node vector and sample 
vector.24 It further drops the sample into the node which has the smallest Euclidean 
distance. The process is iterative and regularly updated with the Gaussian neighborhood 
function.25 SOM based approaches are commonly used for secondary metabolite studies 





3.3.1 Characteristics of growth rate and overview of MVOCs emissions 
A rapid increase in MVOCs emission strength (sum of integrated individual 
chromatography peak area) was observed in both the hypovirulent and virulent strain 
until day 14 (Figure 3.1b). This increase is directly correlated to growth rate in the early 
phase of fungal expansion (in terms of surface area on the petri-dishes) during MVOCs 
sampling (Figure 3.1a). The emissions from the virulent strain decrease in the late 
growing period (after 14 days of inoculation). MVOCs emission is relatively steady in the 
hypovirulent strain over 28 days. Compared to its hypovirulent form, the virulent strains 
grew faster and covered a larger surface area. The distinction becomes significant (t-test, 
p = 0.0208) three days after inoculation. The growth rate of virulent strains is much 
quicker in their first 14 days. After 15 days of inoculation, the growth rate is relatively 
stable. The growth rate of hypovirulent strain is steady during 28 days (Figure 3.1a).  
 Fungal MVOCs emissions for both virulent and hypovirulent strains could be 
detected three days after inoculation. The virulent strain increased its emission strength, 
based on total peak intensity from GC/MS chromatogram data and peaked on day 14. The 
hypovirulent strain had the greatest emission at 10th day before leveling off over the next 





















































Figure 3.1 (a) The growth rate (represented as surface area) of hypovirulent (HV 98) 
and virulent (V 236-1c) strains of C. parasitica on the MEA media 100 mm 
Petri dishes surface (n = 10), and (b) the MVOCs emissions strength from 
virulent and hypovirulent from 28 days’ observation (on MEA media and 
26 °C).  The peak intensity is the sum of total integrated peak area from 
GC/MS chromatograms (n = 6). (Point and error bar in the chart indicate 





Detected MVOCs from fungus head space include alcohols, aldehydes, alkanes, 
alkenes, ketones, esters, aromatic hydrocarbons, and sesquiterpenes (Figure set 3.2). In 
the hypovirulent strains, the intensity of alcohols and aromatic hydrocarbons are greater 
compared to sesquiterpene emissions. In contrast, sesquiterpenes emission predominate 
in the virulent strain’s MVOC profiles.  










































































































































































































































        






















Figure 3.2 MVOCs composition during a 30-day observation from hypovirulent (HV 
98) and virulent (V236-1c) C. parasitica on MEA media at 26 °C. Volatile 
metabolites were classified into (a) aldehydes, (b) alcohols, (c) alkanes, (d) 
alkenes, (e) aromatic hydrocarbons, (f) esters, (g) ethers, (h) furan, (i) 
ketones, (j) organic acids, and (k) sesquiterpenes. (n = 6, point and error 
bar in the chart indicate means ± s.d.) 
Growth stages influence MVOC emission profiles. For example, in the 
hypovirulent strain (Figure 3.2), alkenes, aromatic hydrocarbons, esters, furans and 
sesquiterpenes emissions increase with age. Meanwhile, emission of other chemical 
groups peaks earlier and then declined during the 28 days.  The maximum production of 
aldehydes, alcohols, alkanes, and organic acids occurred at the 7th, 21st, 14th, and 14th day 
after inoculation respectively. Similar emission strength trends were found in virulent 
strains. In general, alkane, alkene, furans, and sesquiterpenes production peaked 14 days 
after inoculation, while the emission of aldehydes, alcohols, aromatic hydrocarbons, and 
organic acids were constant over the 28 days. No ether functional groups were found in 
the virulent strain’s emission (Figure 3.2 (g)). The results imply that growth stage has a 
significant impact on the strength and content of fungal MVOC emissions. Detailed 
statistical analyses were carried out in order to elucidate trends. 
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3.3.2 Discrimination of volatile metabolites based on growth stage 
A total of 88 features from the hypovirulent strain all time-points samples were 
used for subsequent statistical analysis. Nonparametric ANOVA was used to calculate the 
significance of each peak in the different sample groups. The p-value from ANOVA was 
less than 0.05 in the comparison between samples groups. 57 features with a p-value less 
than 0.05 and pFDR < 0.05 were preliminarily selected as significant.  
The PCA model was applied to all sample datasets to observe the general 
structure of the full dataset, in which five principal components (PCs) cumulatively 
explained 70.7% and 71.3% of the data variance (Figure 3.3) for the hypovirulent and 
virulent strain respectively. PLS-DA and OPLS were further conducted to maximize the 
separation among samples. The supervised models were validated with the 100 times 
permutation test (Figure 3.4 b and d). In the PLS-DA model (Figure 3.4 a.), eight clusters 
can be observed in the scores plot (R2X = 0.901, R2Y = 0.956, and Q2 = 0.874). Clear 
separations were detected between MVOCs profiles from 3 days and 10 days, 3 days and 
14 days, 3 days and 21 days, 3 days and 28 days, 7 days and 10 days, 7 days and 21 days, 
7 days and 28 days, 10 days and 21 days, 10 days and 28 days. Similar patterns were 





Figure 3.3 PCA scree plot of variations (a) hypovirulent strain, and (b) virulent strain. 
Virulent strain MVOCs emitted from all time-points contain 138 features for 
statistical modeling. Nonparasitic ANOVA identified that 105 features changed relative 
concentration significantly. Five PCs account for 71.6 % of the variance in the PCA 
model. PLS-DA model (R2X = 0.856, R2Y = 0.920, and Q2 = 0.852) indicates a clear 
distinction between MVOCs from 3 days to other time-points. Separations can be 





cluster from 7 days after inoculation is clearly separated from the 14, 21, 24, and 28 day. 
Later stage MVOCs such as day 24 and 28 differ from day 7, 10, 14, and 18. However, 
separations are not clear between MVOCs from 7 days and 10 days, or 24 day and 28 
days. This indicates that similarities exist between sample collecting time points. Scores 












Figure 3.4 2-Dimensional PLS-DA score plots comparing MVOCs from (a) 
hypovirulent C. parasitica strains collected from initial fungal MVOCs 
production to later growth periods. (The separation was best explained by 5 
components, R2X = 0.901, R2Y = 0.956, and Q2 = 0.874). (b) 100-time 
cross validation of PLS-DA modeling hypovirulent stain in a 28-day 
observation. (c) A PLS-DA score plot indicating discrimination between 
MVOCs from virulent strains (the separation was best explained by 4 
components R2X = 0.856, R2Y = 0.920, and Q2 = 0.852). And (d) 100-time 
cross validation of PLS-DA modeling virulent strain in a 28-day 
observation. (0-7 in the upper right of the score plots is the groups assigned 
to time points, 0 = 3 days, 1 = 7days, 2 = 10days, 3 = 14days, 4 = 18 days, 
5 = 21 days, 6 = 24days, and 7 = 28 days) 
For a MVOC to be considered significantly changed, its relative concentration 
must pass the combination of multivariate (PLS-DA model with VIP score > 1) and 
nonparametric ANOVA (p < 0.05 and with pFDR < 0.05). As a result, the relative 
abundance of 27 volatile metabolites from the hypovirulent form of C. parasitica varied 
significantly (Table 3.1), while the virulent strain contains a list of 31 volatile metabolites 
that varied over time (Table 3.2.). These results clearly indicate growth stage has a 




Table 3.1 Volatile metabolites accountable for the significant changes from 
hypovirulent strain related to aging 
no. Chemical Name VIP p-value FDR 
1 21H-Pyridinone 2.146 6.01x10-20 4.2x10-18 
2 2-Butenoic acid, methyl ester, 2.000 1.99x10-12 7.0x10-11 
3 trans-.alpha.-Bergamotene 1.965 1.33x10-10 3.1x10-9 
4 Cubenene 1.956 3.58x10-10 6.3x10-9 
5 3-Penten-1-ol 1.826 6.49x10-10 8.3x10-9 
6 2,4,6-Octatriene, 2,6-dimethyl- 1.769 7.05x10-10 8.3x10-9 
7 Benzoic acid, 2-1-oxopropyl- 1.732 2.46x10-9 2.5x10-8 
8 alpha-Farnesene 1.678 5.03x10-9 4.3x10-8 
9 beta-Germacrene 1.677 5.83x10-9 4.3x10-8 
10 21H-Naphthalenone, octahydro-4a-methyl-, cis- 1.654 6.18x10-9 4.3x10-8 
11 Naphthalene, 1,6-dimethyl-4-1-methylethyl- 1.585 1.04x10-8 6.2x10-8 
12 Isolongifolene 1.563 1.05x10-8 6.2x10-8 
13 Ketene 1.454 3.72x10-8 2.0x10-7 
14 Curcumene 1.445 5.63x10-8 2.8x10-7 
15 Diepi-.alpha.-cedrene epoxide 1.396 5.97x10-8 2.8x10-7 
16 Phenylethyl Alcohol 1.384 1.22x10-6 5.4x10-6 
17 Butanal 1.317 2.38x10-6 9.9x10-6 
18 Hexanal 1.246 2.91x10-6 1.1x10-5 
19 piGuaiene 1.200 4.40x10-6 1.6x10-5 
20 Octane 1.192 7.52x10-6 2.6x10-5 
21 Formic acid, pentyl ester 1.167 8.69x10-6 2.9x10-5 
22 .gamma.-Elemene 1.120 1.09x10-5 3.5x10-5 
23 1-Butanol 1.074 1.61x10-5 4.9x10-5 
24 Formic acid, ethyl ester 1.034 1.79x10-5 5.3x10-5 
25 Furan, 2-methyl- 1.021 3.31x10-5 9.3x10-5 
26 Caryphyllene 1.011 4.34x10-5 1.1x10-4 




Table 3.2 Volatile metabolites accountable for the significant changes from virulent 
strain related to aging 
no. Chemical Name VIP p.value FDR  
1 Benzene 3.282 4.1x10-19 4.6x10-23 
2 o-Xylene 2.778 4.5x10-25 2.1x10-17 
3 Toluene 2.192 5.9x10-13 1.2x10-16 
4 1,4-Pentadiene 2.119 7.2x10-12 1.2x10-16 
5 Furan, tetrahydro- 2.116 7.9x10-14 1.4x10-16 
6 2,3-Butanedione 1.942 1.8x10-10 1.7x10-16 
7 .beta.-Humulene 1.913 4.3x10-7 6.0x10-16 
8 Hexadecane,2,6,10,14-tetramethyl- 1.692 7.3x10-10 6.2x10-13 
9 Furan, 2,5-dimethyl- 1.596 1.2x10-9 8.1x10-13 
10 Nonane 1.57 2.3x10-9 5.5x10-12 
11 Methyl Isobutyl Ketone 1.493 7.5x10-8 1.1x10-11 
12 2-Butanone 1.435 5.7x10-6 1.1x10-11 
13 Ethylbenzene 1.407 1.2x10-4 1.4x10-11 
14 Furan, 3-methyl- 1.395 3.5x10-10 4.3x10-11 
15 gamma-Muurolene 1.359 1.4x10-3 4.3x10-11 
16 beta-Cubebene 1.328 1.3x10-4 4.3x10-11 
17 Butanal 1.315 5.0x10-18 6.0x10-11 
18 Cyclopentane, 2-methylbutylidene- 1.312 1.2x10-10 9.7x10-11 
19 Propanal, 2-methyl- 1.271 3.3x10-9 2.0x10-10 
20 Ethanol 1.258 5.9x10-4 6.0x10-10 
21 trans-alpha-Bergamotene 1.246 1.0x10-9 8.4x10-10 
22 Acetone 1.197 8.6x10-6 9.1x10-10 
23 Heptane 1.18 1.0x10-11 1.5x10-9 
24 1-Octene 1.174 1.3x10-7 1.5x10-9 
25 Nonanal 1.161 4.1x10-17 2.8x10-9 
26 3-Buten-1-ol, 3-methyl- 1.136 3.7x10-4 3.2x10-9 
27 pi-Guaiene 1.135 1.7x10-16 3.6x10-9 
28 .alpha.-Cadinol 1.1 2.2x10-3 4.2x10-9 
29 trans-7-Hexadecene 1.085 6.5x10-4 4.3x10-9 
30 Undecane, 2,8-dimethyl- 1.059 5.0x10-9 7.8x10-9 




Growth stage MVOC trends were further analyzed with Hierarchical Cluster 
Analysis (HCA) and Self-Organizing Maps (SOM). HCA measures the closeness or 
similarities of samples. For similarity distance measures, Euclidean distance, Pearson’s 
correlation or Spearman’s rank correlation can be applied. Clustering algorithms, 
including average linkage, complete linkage, and Ward’s linkages are commonly used. 
Clustering is summarized into a dendrogram, in which the lengths of the branches show 
the differences among the groups. Growth stage clustering trends are shown in the HCA 
dendrogram (Figure 3.5 a), with the hypovirulent strains being clustered into four areas. 
The first group contains mostly the early stage samples such as MVOCs from 3, 7, or 10 
days after inoculation. The second group involves MVOCs from 10 to 18 days. The third 
cluster is MVOCs from 18 to 21 days, and the fourth cluster summarized samples from 









Figure 3.5 Dendrograms obtained from Hierarchical Cluster Analysis (HCA) to 
explain the MVOCs pattern of C. parasitica (a) among hyopvirulent strain 
(HV 98) and (b) virulent strain (V236-1c) during a 28-day observation in 
MEA media, 26°C incubation, and 5 h SPME extraction. (n = 6) 
The clusters are more divorced with virulent strains (Figure 3.6 b). For example, 
the clusters indicate that the MVOCs from day 3 differ from latter samples, and samples 
from the later stages clearly differ from its initial stages. Like HCA, SOM is an 




dimensional data23. It classifies data based on the relative similarity of samples in 
unsupervised and nonlinear functions into a 2- dimensional grid26, in which metabolites 
that produce similar responses to the experimental perturbation occupy the same or are 
closely coordinated in the grid25. SOM generalized 3 clusters for hypovirulent strains 
(Table 3.3). Cluster (0, 0) contains samples from 3 to 10 days, cluster (0, 1) contains data 
mostly from 7 to 18 days and cluster (0, 2) involves later stage growth, mostly from 21 to 
28 days.  
SOM revealed that the virulent strain could be divided into four groups. Cluster 
(0, 0) contains MVOCs samples from 3 days, cluster (0, 1) includes samples from 7 to 10 
days, cluster (0, 2) are samples from 14 to 21 days, and cluster (0, 3) contains samples 
from 24 to 28 days. As with HCA, the SOM results (Table 3.4) indicate the MVOCs 
trends are affected by growth stages. It clearly shows that the hypovirulent strain’s 
MVOCs could be classified into three growth phases, and four phases can be identified 
from virulent strains. For example, 3-day MVOCs from the virulent strain significantly 
differ from the other time points. Samples from 7 to 14 days are similar, and MVOCs 






Table 3.3 Clustering of MVOCs Profile from Hypovirulent Strains results using 
SOM 
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HV 98 28 
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HV 98 28 DAYS 
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Table 3.4 Clustering of MVOCs Profile from Virulent Strains results using SOM 
 
Samples in each cluster 
Cluster 
(0,0) v 3days REP1 v 3days REP2 v 3days REP3 v 3days REP4 v 3days REP5 v 3days REP6 
 
v 28days REP4 
     Cluster 
(0,1) v 7days REP1 v 7days REP2 v 7days REP3 v 7days REP4 v 7days REP5 v 7days REP6 
 
v 10days REP1 v 10days REP2 v 10days REP3 v 10days REP4 v 10days REP5 v 10days REP6 
 
v 14days REP2 v 14days REP4 v 14days REP5 v14days REP6 
  Cluster 
(0,2) v14days REP1 v 14days REP3 v 18days REP1 v 18days REP2 v18days REP4 v 18days REP5 
 
v 21days REP1 v 21days REP2 v 21days REP4 v 21days REP5 
  Cluster 
(0,3) v 18days REP3 v 21days REP3 v 21days REP6 v 24days REP1 v 24days REP2 v 24days REP3 
 
v 24days REP4 v 24days REP5 v 24days REP6 v 28days REP1 v 28days REP2 v 28days REP3 
 
v 28days REP5 v 28days REP6 




OPLS-DA analysis measures correlation and covariance of samples and revealed 
that volatile metabolites with growth stage related concentrations could be divided into 
two general trends: relative concentration of volatile metabolites that increase with age 
and those that decrease. In the hypovirulent strain (OPLS-DA model with R2X = 0.266, 
R2Y=0.917, and Q2=0.898), 44 volatile metabolites (Figure 3.6 a) increase in relative 
concentration with respect to growth stages, and 31 metabolites’ concentration decreased 
as the fungus ages. Strong positive correlation (Pcorr > 0.8) can be found for pyridinone 
(Supplementary Figure A.8 (a)) cubenene, curcumene, 3-penten-1-ol, and 2-butenoic 
acid. In the virulent strain, the OPLS-DA (Figure 3.6 b) model with R2X = 0.184, 
R2Y=0.93, and Q2=0.899, 65 MVOCs have a positive correlation with aging while 60 
chemicals’ have relative concentration that decline as the fungus becomes older. Only 2-
methyl- furan had a good positive correlation (Pcorr > 0.8) (Supplementary Figure A.8 
(c).) while a good negative correlation (Pcorr < -0.8) was found for benzene, 
tetrahydrofuran, and o-xylene. 
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Figure 3.6 OPLS model for (a) hypovirulent strains (R2X = 0.266, R2Y=0.917), and 
Q2=0.898, and (b) virulent strain (R2X = 0.184, R2Y=0.93, and Q2=0.899). 
3.3.3 Alternation of MVOCs chemical composition diversity and emission 
strength induced by pH 
pH plays a vital role in fungal metabolism. The chemical composition of MVCOs 
emitted from chestnut blight fungus was investigated using pH ranges from 3 to 8. The 
strength (integrated peak area) of emissions indicate that the pH highly affected the 
MVOC emission of the virulent strains. As shown in Figure 3.7 (a), the most abundant 
emission is found at pH = 3 and MVOC production decreases as the pH increases. The 


















































Figure 3.7 The emission strength (sum of integrated peak area from GC/MS 
chromatograms) of C. parasitica virulent (V 236-1c) and hypovirulent (HV 
98) from (a) the pH study (from pH = 2 to pH = 8) on Basal media at 26 °C 
and 5 h SPME extraction, and (b) cultivation medium study 26 °C and 5 h 







Total MVOC emission is relatively steady for hypovirulent strains over the pH 
range studied (Figure 3.7). However, changing pH does alter the makeup of the MVOC 
profile (Figure 3.8). For example, at pH 3, the hypovirulent strain produces significantly 
more alkanes and aromatic hydrocarbons than at higher pH. However, significantly lower 
emissions of alkenes, furans, aldehydes and ketones were obtained at pH =3. The 
emission of alkanes was found be highest at pH = 3 and decreases as pH increases. 
Alkenes and furans are low at pH 3 and then reach a maximum at pH 4 before beginning 
a steady decline with increasing pH. For ketones, the highest emission level was observed 
at pH = 7. Sesquiterpene emissions were the highest at pH = 6 but were significantly 
lower at pH = 8.  
A pH dependency was also observed in virulent strain (Figure 3.8). For example, 
the largest alkenes, furan, and sesquiterpene contents were observed at pH = 3. Alcohols 
were emitted at the lowest levels at pH = 3. Emission of aldehydes, alkenes, furans, 
ketones, and sesquiterpenes are greatest under strong acidic conditions (pH = 3) and 
decrease as the pH increases.  
pH changes do not only alter overall MVOCs profiles but also result in the 
production of pH specific compounds. In the hypovirulent strain, chemicals such as acetic 
acid butyl ester, 1-ethyl-2-methyl-benzene, 1,1'-oxybis-heptane, bicyclogermacrene, 
2,4,4,6,6,8,8-heptamethyl-2-nonene, and decahydro-1,1,4,7-tetramethyl-4aH-
cycloprop[e]azulen-4a-ol, were only identified in pH = 3 samples. 2-Methyl-1-butanol 
was unique to pH = 4 and 2-ethyl-1-hexanol was only found in basic (pH = 8) profiles. 
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However, chemicals such as tetrahydrofuran, o-xylene, dodecane, 2,2,4-trimethyl-1-
pentanol, and undecane were identified among all pH ranges except pH = 3. 
The absent of 2,4,4,6,6,8,8-heptamethyl-1-nonene and 1-methyl-4-(1-
methylethyl)-benzene was observed primarily (at least 3 out of 5 replications) in the basic 
culture medium. In the virulent strain, volatile metabolites such as 1-propanol, propanoic 
acid, 2-methyl-, anhydride, limonene, phenylacetaldehyde, trans-2-octen-1-ol, (2-
methylbutylidene)-cyclopentane, and (E)-2-decenal are more likely to be identified in the 
pH = 3 sample MVOCs profiles. pentan-3-one, only appears in non-acidic conditions and 











































































Figure 3.8 Comparison of amount (sum of integrated peak area from GC/MS 
chromatograms) of MVOCs by functional group (a) aldehydes, (b) 
alcohols, (c) alkanes, (d) alkenes, (e) aromatic hydrocarbons, (f) ester, (g) 
furans, (h) ketones, and (i) sesquiterpenes extracted from C. parasitica 
virulent (V 236-1c) and hypovirulent (HV 98) on growth Basal medium 
with pH from 3 to 8 (at 26 °C and 5 h SPME extraction; n = 5; point and 
error bar in the chart indicate mean ± s.d.; red line: hypovirulent strain, 
black line: virulent strain) 
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3.3.4 Cultivation medium effects 
The chemical compounds from this fungal MVOCs emission study were diverse 
in both abundance and content. PCA models shows that the MVOCs from each media are 
clearly separated from the blanks (VOCs from media only). The peak areas and numbers 
of MVOCs were calculated after removing background (blank) chromatograms and other 
impurities. As a result, a total of 179 and 167 features were detected in hypovirulent and 
virulent strains respectively (Supplementary Table A5.).  
The total emission strength of MVOCs under each cultivation medium is shown 
in Figure 3.7 (b). The virulent strains’ emission strength was higher in Basal, CDA, 
MEA, PDA, RT and Czapek medium. With the Basal, CDA, and PDA media, the 
emissions (sum of the HS-SPME-GC/MS chromatogram peaks) from the virulent strain 
was found to be approximately an order of magnitude higher than the hypovirulent strain. 
However, the emission of the hypovirulent strain was found to be stronger in cornmeal 
medium. The strongest emission for the virulent strain was observed in PDA medium 
(integrated peak area = 1. 41  109) and the lowest was found in cornmeal medium (1.44 
 108). Hypovirulent strains show the highest emission under the Czapek medium (9.48  
108), and the lowest in the cornmeal medium. The result suggests the cornmeal is a poor 
choice if the goal is high MVOCs production from C. parasitica fungus.  
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Figure 3.9 Comparison of emission strength (sum of integrated peak area from 
GC/MS chromatograms) of MVOCs by functional groups vs growth media 
for (a) alcohols, (b) alkanes, (c) alkenes, (d) aromatic hydrocarbons, (e) 
ester, (f) furans, (g) ketones, (h) organic acids and (i) sesquiterpenes 
extracted from C. parasitica virulent (V 236-1c) and hypovirulent (HV 98). 
Growth medium Basal, CDA, MEA, PDA, RT, Cornmeal, and Czapek (at 
26 °C and 5 h SPME extraction; n = 5; point and error bar in the chart 
indicate mean ± s.d.) 
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The pattern of MVOCs detected from both strains indicate that specific 
compounds could only be observed in certain cultivation medium. For example, with the 
hypovirulent strain, 1-propanol and δ-selinene were only found using the Czapek 
medium. (E)-2-decenal, cyclohexane, 1-methyl-3-pentyl- dodecane, 4-undecene, 7-
methyl-,2,4,4,6,6,8,8-heptamethyl-1-nonene, (E)-carveol, 2,5-dimethyl-tetradecane, β-
elemene, isoledene, 10-epi-eudesmol, and γ-muurolene   were primarily observed using 
RT medium. 2-methyl-, anhydride-propanoic acid, 3-methyl-1-butanol, and cadina-
1(10),6,8-triene was produced only with cornmeal.  
In the MVOCs profiles produced from the Basal medium, a higher abundance of 
β-selinene, β-cubebene, and cedren-13-ol were observed. Also, 3,7-dimethyl-1,3,7-
octatriene and 2-phenylethanol were mainly found in the same emission profiles. 2-
methyl-3-buten-2-ol, undecanal, 3-ethoxy- ethyl ester propanoic acid, 2,5,6-trimethyl-
octane, and 1-methyl-5-methylene-8-(1-methylethyl)-,1,6-cyclodecadiene were emitted 
only from the MEA medium. With the exception of CDA and PDA, 1-butanol, 3-methyl-
3-buten-1-ol, 2-heptanone, 6-methyl-3-undecene, and trans-α-bergamotene were 
produced in all cultivation media.  
In the virulent strain, 3-methylbutan-2-one and 4,5,9,10-dehydro-isolongifolene 
were uniquely found using the Basal media for MVOCs production. In the MVOCs from 
CDA, butyrolactone, 3,7-dimethyl-1,6-Octadien-3-ol, 2-phenylethanol were discovered. 
Undecanal and 2,4-dimethylphenethyl alcohol were identified in MEA and PDA 
respectfully, tetrahydrofuran and p-cymen-8-ol were associated with RT medium. 2-
Methyl-propanal and copaene were shown only using the cornmeal MVOCs profile. 1-




It has been suggested that metabolomic profiling can be an efficient approach for 
the identification and quantification of metabolites altered in response to perturbations. 
This study employed headspace-SPME-GC-MS based metabolomic profiling for 
comprehensive analysis of volatile metabolite changes under varied experimental 
conditions. Understanding changing patterns in biochemical metabolite production may 
provide useful insights into plant-fungal infection mechanisms.  
Our study confirms that MVOCs emission profiles change during fungal growth. 
An increase in total emission can be correlated to fungal expansion in the early growing 
period. However, it cannot explain the expanding fungal culture surface area in the MEA 
Petri dish and reduced emission strength at the late growing period. The results suggest 
that fungal conditions and activities could be determined from analysis of its MVOCs 
profiles. MVOCs from C. parasitica include aldehydes, alcohols, alkanes, alkenes, 
aromatic hydrocarbons, esters, furans, ketones, organic acids, and sesquiterpenes. The 
greatest emissions from the virulent strain were found 14 days after inoculation with 
alkanes, alkenes, furans, and sesquiterpenes being the largest contributors.  
Sesquiterpene production from the virulent strain peaked in early stage growth 
followed by a steady decline of emission strength. In contrast, the MVOCs pattern for the 
hypovirulent strain was relatively constant during aging. The formation of sesquiterpenes 
are known to be association with fungal growth. For example, the rapid expansion of 
Alternaria alternata fungus is typically associated with the strong emission of 
sesquiterpenes.14 Our results confirmed that similar MVOCs emission patterns could be 
found during the C. parasitica fungus expansion process. Emission of sesquiterpenes has 
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also been attributed to a later growth phase.28 In the present study, sesquiterpenes 
emissions increased from day 3 (early growth phase) to day 14 (later growth stage). A 
similar MVOCs profile was also observed in Aspergillus versicolor fungus.29  
The overall differentiation of volatile metabolites profiles among all time-points 
was further analyzed and interpreted with multivariate and univariate analysis. Studies 
have shown that this combination of approaches can be applied for feature selection.30 
The PCA model was first employed to oversee the general structure of the full data set. 
PLS-DA was applied to maximize the separation amongst MVOCs collected at each 
sampling time point. In recent studies, orthogonal partial least squares (OPLS) modeling 
was applied to metabolomic datasets to enhance the interpretation of predictive 
components (PCs).31 In this study, OPLS revealed correlations or covariance of 
individual metabolites associated with growth phases. The models clearly indicate the 
MVOCs emission from early, later, and final growth phases are different. However, PLS-
DA failed to separate adjacent clusters of MVOCs collected in consecutive days. For 
example, overlapping MVOC clusters were observed in the hypovirulent strain from day 
10 to day 21, and in the virulent strain from day 7 to day 14.  
This study includes visualization of similarities and assessment of trends of 
MVOCs using Hierarchical Cluster Analysis (HCA) and Self-Organizing Maps (SOM). 
HCA and SOM are extensively used in metabolomic research24, 25 to elucidate samples 
with similar patterns.31 Our results suggested that MVOCs emission can be classified into 
three stages during hypovirulent strain growth. Early growth stages include samples 
mostly from day 3 and day 7. Mid stages include samples collected from 10 to 21 days 
and final growth phase content contains samples mostly from 24 to 28 days. The MVOCs 
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virulent strain emission trends were clustered into four groups. Results highlight that 
MVOCs collected at 3 days after inoculation differ from all other time-points. Early 
growth phases involved samples from 7 to 14 days, mid stage contained MVOCs 
collected from 18 to 21 days, and final phases mostly included 24 to 28 days samples.  
MVOCs emission also varied by pH. Previous studies suggested that the ambient 
pH is critical to pathogenic fungi.33, 34 Specifically, during C. parasitica invasion, as the 
hyphae spread, they secret organic acids such as oxalic acid to lower the infected tissue’s 
pH from 5.5 to approximately 2.8.35 The acidic condition is optimal for some key enzyme 
activities in chestnut blight fungus. For example, Alfen et al. show that the optimum pH 
of laccase, a fungal enzyme that functions for degradation of lignin and pathogenesis, 
was 2.5 in chestnut blight fungus.35 In addition, Freire et al. further studied 
endothiapepsin, a 330-residue microbial aspartic proteinase isolated from C. parasitica, 
which shows maximum hydrolytic activity between pH 2.0 to 2.5.37  
Our study indicates that changes in pH can result in changing MVOC profiles. 
The virulent strain of C. parasitica showed the strongest sesquiterpene emission at pH = 
3. MVOCs emission, particularly sesquiterpenes, declined as pH increases. 
Sesquiterpenes emissions can be considered a signal of fungal development and strong 
sesquiterpenes emissions correlate to increased fungal activities.14  
pH is less effective at inducing MVOC changes in the hypovirulent strains. A 
previous study suggested that the organic acids (oxalic acid) accumulation were only 
discovered in virulent strains, not in hypovirulent.38 The stability of MVOCs emission 
from the hypovirulent strains vs pH could be primarily due to their inherent inactivity. 
Finally, although strong MVOCs emission are primarily found in acidic conditions, 
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MVOCs could also be observed at neutral pH (pH =7) and basic conditions (pH =8) 
suggesting that some components of the fungus remain active over a wide pH range in 
agreement with previous studies.39  
Fungal growth is clearly dependent on the chemical composition of the growth 
media in the field and in the lab.40 Changes in MVOC profiles have been elucidated in 
both natural and synthetic cultivation media. For example, Sun et al. discovered that 
significant differences in MVOCs profiles were produced using various media in 
Aspergillus flavus.15 Similar observations were also reported for Penicillium polonicum.41 
In this study, the PDA, MEA, CMA, Basal, CDA, Czapek, and Raulin-Thom were 
employed to illustrate emission changes under their varied chemical compositions. These 
media were chosen due to their diversity of carbon/nitrogen source or microelements. 
This study proves that volatile metabolites are sensitive to culture constituents.  
The influence of culture medium was different for the two strains. For example, in 
Czapek media, the hypovirulent strain exhibited strong MVOC emission strength and 
enhanced sesquiterpenes production. The primary different between Czapek and Raulin is 
the nitrogen source,20 with ammonium tartrate being added to the Raulin medium. In the 
Raulin media, sequiterpene production was much greater for the virulent strain. The 
opposite was true for sequiterpene production in the Czapek media which resulted in the 
largest relative production of sequiterpenes with the hypovirulent strain.  
For the virulent strain, the highest total strength of emissions was observed in 
PDA, but the strongest sesquiterpenes production was found in CDA. These culture 
media differ in carbon source (dextrose in PDA and sucrose in CDA), and L-asparagine 
was added only to the CDA. Our results support the notion that L-asparagine can enhance 
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sesquiterpenes production.15, 42 Often synthetic medium results in lower total and 
diversity of volatile metabolites,16 however, cornmeal media resulted in reduced MVOC 
production in both strains. 
3.5 Conclusion 
This study demonstrated that MVOC emission profiles from both virulent and 
hypovirulent strains of C. parasitica can change with growth phase, pH, and cultivation 
medium. These emission profiles can be differentiated with chemometric analysis 
methods such as PLS-DA or OPLS. With the help of HCA and SOM, similarity and the 
trends of MVOCs emission during the 28 days can be revealed and visualized. This study 
further elucidates that a low pH enhances the virulent strain’s emission, while 
hypovirulent strains were less affected. A relatively higher quantity of MVOCs were 
produced in PDA medium for virulent strains and in Czapek medium for hypovirulent 
strains. Common to all experimental conditions, the perturbations do not only influence 
the emission strength but also to the constitution and content of volatile metabolites. Our 
novel findings advance our understanding of fungal infection activities which can aid in 
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ESTIMATION OF TOTAL PHENOLIC COMPOUNDS AND NON-TARGETED 
VOLATILE METABOLOMICS IN LEAF TISSUES OF AMERICAN  
CHESTNUT (CASTANEA DENTATA), CHINESE CHESTNUT  
(CASTANEA MOLLISSIMA) AND THE BACKCROSS 
 BREEDING GENERATIONS 
The American chestnut tree (Castanea dentata) was once a dominant tree species 
in the Appalachian Mountains and played a critical role in the ecological system. 
However, it was nearly eliminated by chestnut blight caused by Cryphonectria 
parasitica. Phenolic compounds produced by plants are significant to their defense 
mechanisms against fungal pathogens. An analytical platform has been developed to 
estimate the total phenolic content in leaf tissues of the American chestnut, Chinese 
chestnut (Castanea mollissima), and their backcross breeding generations (B3F2 and 
B3F3) using the Folin Ciocalteu reagent assay with UV/Vis spectrophotometry.  
The results from leaf tissue extraction in methanol/water (95:5 v/v), pH 2, and 
765 nm show that the variations among these four tree species are significant (ANOVA p 
= 2.310-7). The kinetics of phenolic compound solid-liquid extraction was elaborated 
using Peleg, second order, Elovich, and power law models. In addition, extensive 
analysis using headspace solid phase microextraction (SPME) gas chromatography and 
mass spectrometry was conducted to identify volatile organic compounds (VOCs) from 
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the leaf of American chestnut, Chinese chestnut, and their hybrids B3F2 and B3F3. A total 
of 67 VOCs were identified among all chestnut genotypes. A partial least squares 
discriminant analysis (PLS-DA) model (R2X= 0.884 R2Y =0.917, Q2=0.584) 
differentiated chestnut species within the first five principal component (PCs). 
4.1 Introduction 
The American chestnut tree (Castanea dentata) was a dominant native species in 
the Eastern forests of the United States. Due to its rapid growth, large size and nut 
production, it was critical to the U.S forest ecosystem and economies. However, this tree 
species was devastated by a fungal pathogen, Cryphonectria parsitica,1 starting in 1904 
and nearly wiped out by 1945. The virulent strains of the fungus attack the tree through 
penetration of wounds, killing the bark and cambium layer, preventing the transport of 
water and nutrients, resulting in the death of the tree.2, 3, 4 The loss of a dominant tree 
species in landscapes has significantly harmed a wide range of ecosystem services 
dependent on this species.5 The decimated American chestnut impacts lumber and food 
sources, local climate regulation,6 regional carbon balance,7 and flood control,8 as well as 
reducing biodiversity9 and threatening the sustainable ecosystem.10 Therefore, restoration 
of American chestnuts is a national priority.  
In the early 1980s, the American Chestnut Foundation (TACF) launched 
backcross breeding programs to produce hybrids from pathogen resistant Asian chestnut, 
primarily Chinese chestnut (Castanea mollissima) and the American chestnut,11 where 
the blight resistance from Chinese chestnut was introduced into American chestnut 
descendants. To transfer the blight resistance, individuals of the Chinese and American 
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chestnut are first crossed. The first hybrids or F1 from this cross are one-half American 
and one-half Chinese chestnut.  
The F1 was further backcrossed to another American chestnut decreasing the 
Chinese chestnut genes proportion by a factor of two. This second cross generates the 
first backcross known as B1s. Two more backcrosses were made to further reduce the 
proportion of Chinese chestnut genes by a factor of four. The final progeny, B3 contains a 
fraction of one-sixteenth on average of Chinese chestnut genes with remaining genes 
from the American parent. To restore the homozygous blight resistance, the B3s were 
intercrossed among themselves, and the offspring from this first intercross is known as 
B3F2s. The generation of B3F3s was from the second intercross among the B3F2s 
hybrids.12, 13   
As a result, the final generation of the hybridization (B3F3) carries American 
chestnut morphology characteristics14 but also resistance to the blight.15 However, the 
selection of trees with resistance for intercross in subsequent generations are costly, labor 
intensive and time-consuming, as the determination of blight resistance can take up to 15 
years. Traditionally, the resistance test involves pathogen inoculation in plantations16 or 
complex genomic sequencing.13 Therefore, feasible and reliable alternative analysis 
methods are desired.  
Natural phenolic compounds play a critical role in plant defensive systems against 
herbivores, pests, and pathogens.17 Plant phenolics are secondary metabolites containing 
one or more aromatic rings with hydroxyl groups18 and are toxic to numerous invaders.19 
According to Galili et al., many of these metabolites are generated from the pentose 
phosphate, shikimate, and phenylpropanoid metabolism pathways.20 Reported plant 
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phenolics include phenolic acids, flavonoids, tannins, stilbenes, curcuminoids, coumarins, 
lignans, and quinones.21-24  
As indicated from Lafka et al. each plant has its unique composition of phenolics, 
and the development of optimal condition regarding phenolic extraction is critical.25 To 
date, although plant phenolic extraction techniques such as supercritical fluid extraction26 
and pressurized liquid extraction (PLE)27 have been developed, the most commonly 
applied procedure is organic solvent extraction. Common solvents like methanol, ethanol, 
ethyl acetate, and acetone have been applied to many plant materials.18 However, the 
extracting solvent choice affects the recovery of phenolics. For example, methanol was 
shown to be more efficient in the extraction of lower molecular weight polyphenols,28 
while aqueous acetone is better for higher molecular weight compounds such as 
flavanols.29 Furthermore, the extracted phenolic profile could also be affected by solvent-
to-solid ratio, extraction time, temperature, and extraction pH.30   
The complex, volatile organic compounds (VOCs) profiles emitted from plants 
have been successfully used in differentiating plant species.31-35 A recent study further 
expanded VOCs pattern analysis to discriminate modified plant hybrids from their 
parents.36 To date, many VOC sampling techniques have been developed. Extraction 
techniques such as steam distillation (SD), simultaneous distillation extraction (SDE), 
purge and trap or dynamic headspace have been used. In particular, nondestructive 
sampling methods such as solid-phase microextraction (SPME) have been extensively 
applied to sampling VOCs.37 Furthermore, the mass spectrometry based non-targeted 
metabolomics or metabolic profiling, which screen biological alterations that correlate to 
phenotypic perturbations,38 is finding application in a wide range of research including 
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plant biology.39 For example, Zhao et al. applied metabolic profiling with gas 
chromatography-mass spectrometry and successfully revealed plant growth interaction 
between carbon and nitrogen metabolism.40  
In this study, a Folin-Ciocalteu reagent assay was employed to optimize 
extraction conditions such as liquid/solid ratio, time, and pH to maximize the yield of 
total phenolic compounds from chestnut tree leaf tissues. In addition, the total phenolic 
content (TPC) of species was compared. Extensive analysis using headspace SPME gas 
chromatography and mass spectrometry was conducted to identify VOCs from the leaf of 
American chestnut, Chinese chestnut, and their B3F2 and B3F3 hybrids. 
4.2 Materials and Methods 
4.2.1 Chemicals and reagents 
Commercial phenolic compounds caffeic acid (CA), analytical reagent grade 
methanol, ethanol, acetone, isopropanol, n-propanol, and ethyl acetate, HPLC grade 
hexane, and the Folin-Ciocalteau (F-C) phenol reagent were purchased from Sigma-
Aldrich (Sigma-Aldrich Company Ltd, USA). 
4.2.2 Plant Material 
American chestnut, Chinese chestnut, and their backcrossing generations B3F2, 
and B3F3 were obtained from The American Chestnut Foundation (TACF). The seed was 
collected from the following location: American chestnut (Pryor Orchard 1 tree 182, 
Pryor Orchard 1 tree 90), Chinese chestnut (Warren Wilson College Garden, Asheville, 
NC), B3F2 (SC-80) and B3F3 (W2-30-114, W4-12-124, and W3-8-119). Two independent 
experiments were performed. In each test, 33 seeds of each chestnut family were grown 
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in the research greenhouses of the Department of Plant Pathology, Mississippi State 
University, MS. The seedlings grew in 2.83 L pots (Stuewe & Sons, Tangent, OR) with 
Premix, Vermiculite, Perlite (1:1:1) mixture and fertilized using a water-soluble 
Osmocote concentrations fertilizer for woody plants at the manufacturers recommended 
rate weekly (1 Tsp fertilizer per liter of water) (J. R. Peters Inc, Allentown, PA) and 
watered daily. The following growth conditions were used: daylight, 8-14 hours (winter-
summer), temperature, 18-35 oC (winter-summer). Plant leaf tissue was collected as fully 
developed leaves (23-26 cm in length and 8-12 cm width) which usually occurs at five to 
six months of growth. All samples from two independent tests were collected at the same 
time of the day (at 9-11 am) under uniform light conditions. For each sampling date, 
leaves from each species were randomly selected to harvest for chemical analysis. 
For the analysis of volatile organic compounds from leaves, SPME and GC/MS 
analysis were done on the same date as the sampling. VOCs samples preparation 
procedure was based on Chang et al. with modifications.31 Fresh leaves were immediately 
clipped into small pieces, and 5 g samples were placed in 1 L glass jars (Environmental 
Sampling Supply, San Leandro, CA) and sealed with aluminum foil and parafilm. 
Samples were heated for 30 min in a 35 °C incubator before SPME extraction. SPME 
was done for 2 h at room temperature and desorbed at a GC inlet for 5 min at 300 °C. 
VOCs samples labelled replication 1 to replication 6 were all from the first test, and 
replication 7 to replication 12 were from a second independent test. For the total phenolic 
determination, fresh leaves were collected and immediately frozen in liquid nitrogen and 
stored at -80 °C until they were freeze-dried for total phenolic measurements. 
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4.2.3 Solvent extraction 
The extraction of phenolic compounds from chestnut tree leaves was based on the 
procedures described by Lafka et al. with modifications.26 Briefly, 20 mg of ground tree 
leaf tissue was placed in sample vial (Hach, Loveland, CO) with n = 6 for each type of 
solvent. Samples were extracted with 2 mL of methanol/water (v/v 95%/5%), ethanol, 
ethyl acetate, and acetone/water (v/v, 70/30) in a shaker (C-24 model, New Brunswick 
Scientific Co., INC. Edison, NJ) for different extraction times (30 minutes to 24 hours) at 
room temperature. The extract was centrifuged at 6000g for 30 minutes, and the 
supernatant was transferred and evaporated to dryness in a rotary evaporator 
(Organomation Associates, Inc, Berlin, MA). The solution was then dissolved in 4 mL 
ice-cold methanol for F-C assay analysis. For the pH study, prior to organic solvent 
extraction, the leaf tissue was acidified with HCl to a pH range of 2 to 6, and n-hexane 
was added 5:1 (v/w) for 20 min at room temperature. Six replicates (n = 6) of each 
chestnut tree family in two independent tests were made and analyzed under the same 
conditions. 
4.2.4 Total Phenolic Content (TPC) Determination. 
TPC procedure was based on Ainsworth et al. with changes.41 In general, 10% 
(v/v) of F-C reagent was made with deionized water. The extracts were then mixed with 
200 µL of the F-C reagent and vortexed thoroughly in a sample vial (Hach, Loveland, 
CO) for 1 minute. The solution was incubated for 10 minutes at room temperature before 
adding 0.8 mL of 700 mM Na2CO3 solution into the tube. The mixture was then kept in 
the dark for 2 hours. The absorbance of the solution was measured at 765 nm using a 
GENESYS 30 UV/Visible spectrophotometer (Thermo Scientific, Waltham, MA) against 
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deionized water blank. The TPC value was determined via a calibration curve (with R2 = 
0.99) prepared with a series of caffeic acid standards (0, 20, 40, 60, 80, 100, and 120 
mg/L). The TPC results were expressed as mg of caffeic acid (CA) equivalents per gram 
of fresh weight leaf tissue (mg CA/g FL). 
4.2.5 Headspace SPME Extraction 
The SPME technique is a nondestructive sampling method that can be used to 
collect VOCs in the samples headspace. Commercially available SMPE fibers coated 
with 85 µm carboxen-polydimethylsiloxane (CAR/PDMS) (Supelco, Sigma-Aldrich, PA, 
USA) were selected. All fibers were conditioned based on the supplier’s 
recommendations at 300 oC for one h before use. SPME extraction was performed by 
exposing fibers to the headspace above ground leaf samples for two h in order to reach 
chemical and thermal equilibration. The VOCs were desorbed in a pulsed splitless mode 
for GC-MS analysis. Six replicates (n = 6) of VOCs extraction of each chestnut tree 
family in two independent tests were made and analyzed under the same conditions. 
4.2.6 GC/MS Condition 
Extracted VOCs were analyzed with an Agilent gas chromatograph (Agilent 
Technologies 7890A) coupled with Agilent mass spectrometer (Agilent Technologies 
5975C) system (GC/MS) with ChemStation software. Separations were done using a DB-
1 capillary column (60 m  320 µm  1 µm) (Agilent J&W column, Santa Clara, CA). 
Samples were analyzed in splitless mode. The injector temperature was kept at 270 °C, 
and was equipped with a 0.7 mm ID SPME inlet liner (Supelco, Bellefonte, PA). The GC 
oven temperature operation conditions were applied as in previous studies42. Briefly, 45 
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°C for 9 min, 10°C min-1 to 85 °C, hold for 3 min, 3 min-1 to 110 °C, hold for 3 min, 3 °C 
min-1 to 120 °C, hold for 3 min, and 10 °C min-1 to 270 °C, hold for 5 min. The carrier 
gas supplied to the column was helium (99.9999% purity) at a constant flow rate of 2 
mL/min. For the MS detection, the electron impact (EI) was set as 70 eV with the ion 
source temperature at 230 °C and quadrupole temperature at 150 °C, respectively. The 
analytes were characterized by full-scan acquisition from 35-350 atomic mass unit (amu). 
Library matching identified chromatographic peaks to the reference spectra 
(NISTT05a.L, Agilent Technologies, Inc.). 
4.2.7 Data Analysis 
GC-MS data files were preprocessed for noise filtering, baseline correction, and 
converted to CDF format with ChemStation (Agilent Technologies, Inc. Santa Clara, 
CA). The output files were uploaded to XCMS43 software to process the peak detection, 
matching, and alignment with the default setting. The data set was then filtered by 
removing peaks with 75% missing values. The intensity of resultant peaks was further 
normalized with respect to the sum of the intensities, in which each peak intensity was 
divided by the sum of all peak intensities in the fraction. The final peak tables were 
uploaded to MetaboAnalysis44 software for statistical analysis.  
Prior to analysis, all variables were logarithm transformed and mean centered. 
The nonparametric univariate method, Kruskal-Wallis Test, was performed to analyze the 
significance (p-value < 0.05) of peaks among the samples. The false discovery rates 
(FDR) test with p-values less than 0.05 (pFDR < 0.05) was applied to the results for 
further adjustment. The Spearman correlation rank test was used to generate correlation 
matrices for the volatile metabolites. Differentiation of plant emissions was analyzed 
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using principal component analysis (PCA), partial lease squares discriminant analysis 
(PLS-DA). In addition, clustering techniques, such as K-means and Hierarchical cluster 
analysis (HCA) were applied. 
4.3 Results 
4.3.1 Optimization of solvent extraction variables 
Prior to final analysis of phenolic content from the chestnut tree leaf, the organic 
solvent extraction procedure was optimized using pooled samples. 20 mg of chestnut leaf 
tissues were extracted with methanol, ethanol, ethyl acetate, and acetone/water (v/v 7/3) 
with different solvent to mass ratios (20:1, 40:1, 60:1, 80:1, 100:1, 150:1 and 200:1; v: w; 
mL/g) at room temperature for 24 hours. Results are shown in Figure 4.1.  
The amount of extracted phenolics was affected by the type of organic solvent as 
well as the solvent to mass ratio. In general, the concentration of extraction (mg of 
phenolics/g of leaf) increases as the solvent/mass ratio increases. The highest single test 
extraction for methanol occurred at 100:1 (12.2 mg/g). For ethanol, the highest was at 
200:1 (15.1 mg/g). Ethyl acetate showed the greatest amount of extraction at 60:1 (14.7 
mg/g). Finally, acetone/water showed its highest extraction at 150:1 (16.4 mg/g). Overall, 
the ethyl acetate extraction led to a maximum phenol content of 14.2 mg/g on average. 
However, this maximum extraction from ethyl acetate is not significantly different (p > 
0.05) from the extractions with other types of organic solvent. Although it varied from 
solvent to solvent, the best extraction solvent/mass ratio was 150:1 with an average 
extraction of 14.2 mg/g of phenolics. 
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Figure 4.1 The total phenolic content (mg/g) extracted from pooled chestnut leaf 
samples using methanol, ethanol, ethyl acetate, and acetone/water at 
solvent to mass ratios (mL/g) ranging from 20:1 to 200:1 (n = 3). Point and 
error bar in the chart indicate means ± s.d. 
The extraction of phenolics was further studied by varying extraction pH from 2 
to 6 at room temperature for 24 hours.  In addition, a set of non-acidified (pH 7) control 
samples were also extracted under the same experimental condition. As shown in Figure 
4.2., the acidification has a significant impact on phenolic extraction. The addition of acid 
improved extraction from methanol and ethanol with the highest extraction content of 
14.7 mg/g and 14.3 mg/g respectively. However, acidification caused the loss of phenolic 




and low sample variations, methanol was employed for the phenolic extraction of 
chestnut varieties. 
 
Figure 4.2 The total phenolic content extraction (mg/g) of pooled chestnut leaves 
using methanol, ethanol, ethyl acetate, and acetone/water (n = 3) with 
adjusted pH (range from 2-7) and 100:1 (liquid/solid ratio). Point and error 
bar in the chart indicate means ± s.d. 
4.3.2 The Extraction Kinetics 
The kinetics of total phenolic extraction was analyzed to determine the extraction 
rate and appropriate time range. The solid/liquid extraction processes from plant 
materials were investigated with mathematical models45, 46, 47. Empirical models such as 
Pelog, second order, Elovich, and power law are commonly used to fit the experimental 
data.  
The hyperbolic model, Peleg’s model is expressed as: 


















































Where C is the concentration at time t, K1 is the initial extraction rate at t = 0, and 
K2 is the maximum extraction yield. 




= k (Cs − Ct)
2 (4.2) 
Where: k is the extraction rate constant, Cs is the extraction capacity, and Ct is the 














The initial extraction rate is represented as h, where  
 ℎ = k Cs
2 (4.4) 













= αe−βq  (4.6) 
Where q is the amount of absorbance at time t, and α, β are constants. Its linear 







ln (t)  (4.7) 
Under the diffusion controlled mechanism, the extracted amount can be described 
by the power law model: 
 C = Btn  (4.8) 
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Where C is a dimensionless quantity, B is a constant that describes the particle-
active substance system, and n is the diffusion exponent. 
The extraction of total phenolics vs time is shown in Figure 4.3. Extraction 
kinetics could generally be considered to take place in two phases. A high initial rate of 
extraction can be observed for all solvents from 0.5 h to about 3 h followed by a slower 
extraction rate. It should be noted that previous studies suggest that long extraction time 
could cause degradation of phenolics. In this study, there is no decline in extraction yield 
during 24 h extraction for all solvents. Several models were used to describe the 
experimental data with the empirical parameters shown in Table 4.1. The R2 (Table 4.1) 
from model fitting indicate that the phenolic extraction process from chestnut tree leaf 
tissue is second-order for all solvents tested. The R2 in second-order models for 





Figure 4.3 Four kinetic models for extraction of total phenolic compounds from 











Table 4.1 Kinetic models of phenolics extraction from chestnut tree leaves. 
Model Methanol Ethanol Ethyl Acetate Acetone/water 









K2 0.0877 0.0854 0.0747 0.0837 
Second-
order 









h 10.905 35.971 25.316 15.291 
k 0.055   0.24   0.125   0.079   









β 0.706 1.173 0.693 0.722 









n 0.135 0.081 0.129 0.128 
 
The total phenolic content of tree leaf tissues from American, Chinese, and their 
hybrids B3F2, B3F3 are different. As shown in Figure 4.4., the highest quantity of total 
phenolic compounds was found in the most disease resistant tree, the Chinese chestnut 
(14.1 ± 0.8 mg/g; n =12), and the lowest was in the least resistant tree, the American 
chestnut (9.8 ± 0.8 mg/g; n=12).  The phenolics found in B3F2 and B3F3 were 9.9 ± 0.6 
mg/g and 10.9 ± 0.6 mg/g, respectively.  The ANOVA (p = 2.310-7) based on the overall 
value indicated the phenolics variation among tree species as significant. Student’s t-test 
(p < 0.05) confirmed the difference between American and Chinese (p = 1.2610-6), 
Chinese and B3F2 (p = 1.1610
-6), and Chinese and B3F3 (p = 5.3510
-6) as significant. 
However, substantial differences were not found between the American chestnut and 






Figure 4.4 The total phenolic contents from two independent tests of American 
chestnut, (9.8 ± 0.8 mg/g, 9.3 ± 0.8 mg/g, and 10.3 ± 0.8 mg/g; overall, test 
1, and test 2 respectively), Chinese chestnut (14.1 ± 0.8 mg/g, 14.9 ± 0.5 
mg/g, and 13.7 ± 0.8 mg/g), B3F2 (9.9 ± 0.5 mg/g, 9.5 ± 0.3 mg/g, and 10.3 
± 0.7 mg/g), and B3F3 (10.9 ± 0.5 mg/g, 11.7 ± 0.3 mg/g, and 10.1 ± 0.2 
mg/g). (test 1, n = 6; test 2, n = 6; overall n =12). Point and error bar in the 
chart indicate means ± s.d.  
4.3.3 Volatile Organic Compounds Analysis 
To investigate the VOCs emitted from four chestnut species (Castanea dentata, 
Castanea mollissima, and their hybrids B3F2 and B3F3) we employed HS-SPME to 
extract the volatile compounds from fresh leaves and analyzed the composition of the 
VOCs profiles using GC/MS. The identification of the VOCs in samples was done using 
the mass spectrum reference NIST MS library and assisted with the calculated Kovats 
index comparison with literature. The identified VOCs, their retention times, and the 
relative abundant (peak intensity) are detailed in Supplementary Information Table S1.  




























A general inspection by ChemStation software from SPME-CC/MS 
chromatograms (Figure 4.5) detected 52 peaks in American chestnut, and 30, 71, 40 
peaks in Chinese, B3F2 and B3F3 respectively. The major VOCs constituents of chestnut 
in all samples were cis-3-hexenyl acetate, 3-hexen-1-ol, 2,4-hexendienal, and trans-2-
hexenyl acetate. It should be noted that the strong emission of cis-3-hexenyl acetate was 
found in all tree species. XCMS was applied for the deconvolution, detection, and 
alignment of signal peaks in multiple GC/MS experiments.  
In all, 67 VOCs were selected from amongst trees studies. These VOCs included 
9 alcohols (ethanol, 3-methyl-3buten-1-ol, 1-penten-3-ol, 3-pentanol, 3-hexen-1-ol, 1-
1octen-3-ol, 1-octanol, 2-nonen-1-ol, 2-methyl-1-phenylbut-3-en-1-ol), 6 aldehydes (2-
butynal, isobutyraldehyde, 3-hexenal, (E )-2-hexenal, heptanal, 2,4-hexadienal), 14 
sesquiterpenes (β-phellandrene, γ-elemene, α-farnesene, caryophyllene, (-)-aristolene, 
seychellene, valencene, cis-α-bisabolene, γ-cadinene, β-humulene, β-panasinsene, 
ylangene, α-cubebene, α-humulene), 4 alkanes (cyclohexane, octane, dodecane, 
octadecane), 10 alkenes ((E)-1,3-pentadiene, (Z)-1,3-pentadiene, 2-methylbutadiene, 
(Z),(Z)-2,4-hexadiene, cis-hexatriene, 3-vinyl-1-cyclobutene, 1,4-pentadiene, (3E)-3,7-
dimethyl-1,3,7-octatriene, 4-methyl-1,5-heptadiene, (E )-2-pentene), 1 alkyne (1,3-
hexadien-5-yne), 12 esters (methyl acetate, ethyl acetate, ethyl 2-methylbutanoate, 4-
hexen-1-ol acetate, pentyl acetate, ethyl hexanoate, (2Z)-2-pentenyl acetate, 3-methyl-3-
buten-1-ol acetate, cis-3-hexenyl acetate, 2-hexen-1-ol acetate, ethyl octanoate, geranyl 
acetate), 3 furans (2-methylfuran, 2-ethylfuran, vinylfuran), 2 aromatic hydrocarbons (p-
xylene, styrene), 1 organic acid (acetic acid), and 4 ketones (acetone, 1-penten-3-one, 3-
pentanone, 2,3-pentanedione), 1 monterpene (α-pinene).  
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The VOCs identified from integrated GC/MS peak areas of major constituents 
showed that the leaf of the American chestnut contained 1.27% - 8.47% alcohols, 1.81% - 
17.78% esters, and 0.31% - 2.79% sesquiterpenes. The VOCs emitted from Chinese 
chestnut leaves contained 3.98% - 12.11% alcohols, 0 – 11.41% aldehydes, 0.55% -
3.84% alkanes, 0.029% - 3.05% alkenes, 0.55% - 22.04% of esters, and 0.22% - 5.67% 
sesquiterpenes. The VOCs from B3F2 consisted of 1.89% - 7.39% alcohols, 2.18% - 
8.42% aldehyde, 5.03% - 17.10% esters, 0.10% - 3.91% alkanes, 0.080% - 3.73% 
monterpene, and 0.29 % - 8.52% sesquiterpenes. B3F3 contained 1.45% - 6.91% alcohols, 
2.56% - 5.74% aldehydes, 10.85% - 25.17 % esters, and 0.34% - 1.24% sesquiterpenes. 
As shown in Table S1, a large portion of the identified VOCs were found in the 
four genotypes. However, chemicals such as ethyl 2-methylbutanoate, 2-nonen-1-ol, and 
γ-elemene were primarily detected in parental chestnuts tree leaves samples. 
Furthermore, compared to VOCs from parental Chinese chestnut, methyl acetate, 
heptanal, 4-hexen-1-ol acetate, β-phellandrene, p-xylene, caryophyllene, seychellene, and 
ylangene were identified mainly in American tree leave samples. Regarding hybrids, 
(3E)-3,7-dimethyl-1,3,7-octatriene, γ-cadiene, (E)-2-pentene, and 2-methyl-furan was 
only discovered in B3F2. To verify whether the VOCs profiles can be used to discriminate 
the breeding generations and their parental genotypes and to discover potential volatile 
metabolites that differ between hybrids and their parental Chestnut, chemometric analysis 














































Figure 4.5 HS-SPME-GC/MS chromatogram of VOCs of leaves from chestnut tree 
species: (A) American chestnut; (B) B3F2; (C) B3F3; and (D) Chinese 
chestnut 
4.3.4 Chemometric analysis of VOCs profiles from chestnut tree families 
GC/MS coupled with headspace SPME was used to analyze the chestnut tree leaf 
tissue VOCs profiles.  However, preliminary visual inspection of the TICs of American, 
Chinese, B3F2, and B3F3 revealed a high degree of similarity (Figure 4.5). Therefore, to 
analyze the overall variation of VOCs profiles among tree species, XCMS was first 
applied for feature identification and peak alignment. Initially, a total of 138 features 
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were identified amongst all samples. However, for volatile metabolites to be considered 
in this study, they must present in at least 75% of the samples in a given tree family. As a 
result, 67 VOCs were selected amongst the four trees. Univariate statistical analysis via 
nonparametric ANOVA was first applied to distinguish the VOC profiles. As a result, 18 
chemicals were defined as statistically significant (p < 0.05). However, ANOVA only 
provides a preliminary overview of possible significant features under the experimental 
conditions. Therefore, multivariate analysis was employed for further interpretation of 
overall VOC profiles. 
The PCA model derived from GC-MS spectra of all the samples was applied to 
the full data set, in which five principal components cumulatively account for 61.7% of 
the data variation (Figure 4.6). To maximize the separation of chestnut tree leaf VOC 
profiles produced from different genotypes, PLS-DA was further performed. The best 
separation amongst four chestnut tree species was made by supervised models PLS-DA 
with first 5 components (R2X= 0.884 R2Y =0.917, Q2=0.584) and was validated with 




Figure 4.6 The variations that explained by PCs from PCA modeling for four chestnut 
genotypes 
As presented in Figure 4.7., four groups with three distinct clusters were 
presented in the three-dimensional PLS-DA scores plot within the first three components. 
Separation was clearly identified between American chestnut and their hybrids, American 
chestnut and Chinese chestnut, Chinese chestnut and the hybrids within the first three 
components. However, the B3F2 and B3F3 species were poorly separated. In the PLS-DA 
model, the variable importance in projection (VIP) scores were determined to further 
understand how to differentiate these four chestnut tree species from their VOC profiles. 
The VOCs that explain the maximum variance are given higher loading values - typically 
larger than 1, meanwhile less significant VOCs are assigned loading values close to 0. 
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The VOCs that contributed to the most variance amongst four tree species with VIP > 1 
from PLS-DA combined with nonparametric ANOVA (p < 0.05) are listed in Table. 4.2. 
Table 4.2 Differential VOCs that Accountable for the Discrimination among 
Chestnut Species 




1021 992 3.303 0 0 
2 ylangene 1367 1221 2.835 0 0.00003 
3 caryophyllene 1426 1494 2.332 0.00094 0.00508 




1153 1280 1.676 0 0 
6 seychellene 1277 1464 1.658 0.00589 0.0225 
7 (E)-2-hexen-1-ol 861 848 1.637 0.0004 0.00326 
8 2-methyl-propanal 539 543 1.592 0.00111 0.00557 
9 methyl acetate 502 517 1.592 0.00227 0.0105 
10 squalene 2611 2818 1.545 0.00273 0.0118 
11 2-nonen-1-ol 1028 1051 1.420 0.00009 0.00093 
12 β-phellandrene 1047 1030 1.357 0.00073 0.00476 
13 vinylfuran 701 713 1.311 0.00502 0.0204 
 
1the Kovats retention index calculated based on n-alkanes (C8-C20) on a DB-1 non-polar stationary phase. 
2KIreference is the Kovats retention index value obtained from the NIST Chemistry WebBook. 3variable 
importance in projection. 4p-value from Kruskal-Wallis Test. 5false discovery rate. 6Compound identified 
based on a comparison of RI value and mass spectra using the NIST database. 
A nonhierarchical clustering technique, K-means was first applied to the dataset. 
The K-means algorithm divides the data into a defined number of clusters (K). For each 
sample, K-means finds the best centroids by assigning data points to particular clusters if 
it is close to the assignment.49 In this study, four clusters were defined (K = 4) and listed 
in Table 4.3. Cluster (1) only included two samples from B3F3 and two Chinese chestnut 
samples from the second independent test. Cluster (2) only contains the mixed samples of 
hybrids from the first independent test. Cluster (3) included the samples of hybrids from 
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the second test and American chestnut leave samples. Finally, cluster (4) only contains 
the VOCs samples of Chinese chestnut leaves.  
K-means clusters reveal underlying relationships amongst these four chestnut 
species. It clearly suggests that VOCs profiles of Chinese chestnut differ from both 
American chestnut and the hybrids. Furthermore, the similarity between hybridized 
generations is considerably high. However, K-means does not reveal VOCs profile 
differences between American chestnut and the hybrids as shown in PLS-DA modeling 
(Figure 4.7). 
 
Figure 4.7 The PLS-DA model with the first 3 components (R2X= 0.644 R2Y = 0.765, 
Q2=0.607) applied to separation VOCs profiles from American chestnut 
(Red, n =12), B3F2 (green, n= 12), B3F3 (blue, n =12), and Chinese chestnut 
(light blue, n =12) 
In addition to K-means, hierarchical cluster analysis (HCA), aimed to uncover 
latent structure in terms of a hierarchy of embedded groups clusters, was further applied 
to the dataset.50 A dendrogram was plotted using Euclidian distance and Ward’s linkage 
to indicate the similarity and distance of each sample in the dataset as shown in Figure 
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4.8. The resulting dendrogram implies three major clusters organized by HCA, namely A, 
B, and C with some subclusters.  
The first group (A) includes VOCs samples from hybrids, especially from the first 
independent test, and implied that B3F2 and B3F3 shared similar VOCs profiles. The 
second group (B) contains two subclusters, B1 and B2. B1 was mainly composed of 
American chestnut leave samples, while B2 primarily consisted of the hybrids. Finally, 
cluster C included mostly samples of Chinese chestnut except for a few B3F2 samples 
from the second independent test and an American chestnut sample. HCA was consistent 
with the PLS-DA results, where clear separation can be made between parental genotypes 
and breeding generations, while poor separation was made between hybrids. 
Table 4.3 Differential VOCs Samples among Chestnut Species by K-means 
 
Samples in each cluster 
Cluster (1) B3F3_REP9 B3F3_REP12 CC_REP94 CC_REP11 
 Cluster (2) AC_REP51 B3F2_REP12 B3F2_REP2 B3F2_REP3 B3F2_REP4 
 
B3F2_REP5 B3F2_REP6 B3F3_REP13 B3F3_REP2 B3F3_ REP3 
 
B3F3_REP4 B3F3_REP5 B3F3_REP6 
  Cluster (3) AC_REP1 AC_REP2 AC_REP3 AC_REP4 AC_REP5 
 
AC_REP6 AC_REP7 AC_REP8 AC_REP9 AC_PRP10 
 
AC_REP11 AC_REP12 B3F2_REP7 B3F2_REP8 B3F2_REP9 
 
B3F2_REP10 B3F2_REP11 B3F2_REP12 B3F3_REP7 B3F3_REP8 
 
B3F3_REP10 B3F3_REP11 B3F3_REP11  
 Cluster (4) CC_REP1 CC_REP2 CC_REP3 CC_REP4 CC_REP 5 
 
CC_REP6 CC_REP7 CC_REP8 CC_REP10 CC_REP12 




Figure 4.8 The dendrogram of VOCs from chestnut tree leaf tissue. VOC profiles 
from American chestnut (red, n =12), B3F2 (green, n= 12), B3F3 (blue, n 
=12), and Chinese chestnut (light blue, n =12)  
4.4 Discussion 
Phenolic compounds are important secondary metabolites involved in plant 
protection against pathogens and pathogen resistance.51 Therefore, knowing the total 








American chestnut. However, an optimized extraction method needed to be established 
that takes into the chestnuts phenolic structural complexity and distribution diversity.  
In this study, extraction variables including solvent type, solvent/mass ratio, pH, 
and extraction kinetics were examined by colorimetric reaction with the Folin-Ciocalteu 
(F-C) reagent and UV/Vis spectrophotometry. It should be noted that higher temperature 
and longer extraction time yield greater phenolic content.45 However, according to Dai et 
al., phenolic compounds can be easily hydrolyzed and oxidized over time.18 Therefore, in 
this study, the time of extraction was not extended beyond 24 h, and the extraction 
temperatures above ambient were not considered.  
Conventional organic solvents such as methanol, ethanol, ethyl acetate, and 
acetone/water were selected using a solvent/mass ratio from 20:1 to 200:1.41, 52-54 The 
highest phenolic extraction content was obtained using ethyl acetate. However, this 
extraction with ethyl acetate is not significantly different (p > 0.05) to the extractions 
with other solvents. The best extraction solvent/mass ratio was 150:1 among all the tested 
solvents.  
Acidification enhanced plant phenolic extractions. Lafka et al. argued that 
acidification of the extraction system can increase the solubility of phenolics, increase the 
disintegration of plant tissue cell walls, and improve the stability of phenolics.26 Our 
study indicated that acidification improved the extraction capacity of methanol, however, 
it negatively impacted the extraction from both ethyl acetate and the acetone/water 
systems.  
Kinetic studies are often used to describe phenolic extraction properties. For 
example, Cevallos-Casals et al. indicated the phenolic antioxidants extracted from 
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Andean purple corn and sweet potato follows second-order kinetic,55 Spigno et al. 
investigated extraction kinetic in their study of grape marc phenolics,56 and Bucic-Kojic 
et al. employed Peleg’s kinetic in solid/liquid polyphenols extraction from grape seeds.45 
In this study, Peleg’s, second-order, Elovich and power models were applied to interpret 
extraction kinetics with second-order kinetics providing the best fits (R2 over 0.99) for all 
tested solvents.  
Plant phenolic extraction that follows a second-order kinetic process takes place 
in two subsequent phases. The fast phase occurs early, where the majority of phenolics 
gets extracted at a fast rate due to the washing by the solvent. This is followed by a 
slower phase where the extraction process becomes steady and driven by diffusion.54 The 
power law model describes the diffusion process during the extraction. The diffusion 
exponent n calculated from experimental data was less than 0.5 (n < 0.5), which indicates 
that Fickian diffusion57 predominates during leaf tissue extraction.   
The total phenolic content from American chestnut, Chinese chestnut, and their 
backcrossing generations B3F2 and B3F3 has been determined. The highest phenolics 
content was found in Chinese chestnut trees, while the lowest was in the American 
chestnut. Student t-test suggests that the difference between Chinese chestnut and other 
tree species are significant (p < 0.05). This suggests that the Chinese chestnut resistance 
to the blight may be linked to the species phenolic content. The backcross methods 
slightly improve the production of constitutive phenolics. This suggests that phenolic 
content may be used to distinguish Castanea species and hybrids, that are differentiated 
by blight resistance, (Figure 4.4). However, t-test indicates this enhancement is not 
significant within our study.  
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This study also extended the investigation of VOCs profiles from different tree 
species by untargeted volatile metabolomics. Studies have demonstrated VOCs emitted 
from plants can be used for discrimination of species. For example, Rambla et al. showed 
that the volatile compounds from hybrid significantly differ to their parents.36 In the 
present study, two independent tests on plants VOCs were performed. In order to reduce 
the variations, selected VOCs were repetitively identified from two separate trials.  As a 
result, a total number of 66 volatile compounds were identified from all tree species.  
It should be noted that strong emission of cis-3-hexenyl acetate, a compound that 
plays an important role in a plants’ defense system, was found amongst all samples. Frost 
et al. showed that emission of cis-3-hexenyl acetate induces jasmonic acid synthesis and 
activates upstream hydroperoxidation which primes leaves for rapid response to 
subsequent herbivory.55 In addition, grass alcohols 3-hexen-1-ol and (E)-2-hexen-1-ol 
and a number of sesquiterpenes were identified in the volatile extract, including β-
phellandrene, limonene, δ-elemene, α-farnesene, caryophyllene, sequalene, aristolene, 
seychellene, dihydromyrcene, cis-α-bisabolene, β-pinene, β-humulene, β-panasinsene, 
ylangene, and α-cubebene. Previous studies suggest the primary function of these varied 
sesquiterpenes is to deliver messages. This signaling function was found in both of plant-
microbe interactions59 and in plant-plant interactions.60  
The detection of variation in VOCs profiles from four tree species was highly 
dependent on robust statistical methods. Univariate approaches, which are based on 
hypothesis testing to each independent variable, were first applied. The ANOVA test 
initially identified 18 volatile compounds as significantly different among tree species. 
Further analysis required chemometric methods, where a single statistical model can 
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provide differentiation and interpretation of a whole data set. Common multivariate 
chemometric methods including PCA and PLS-DA have been extensively applied.  
The results from this multivariate modeling suggest the separation of VOCs 
profiles can be established between American and Chinese chestnut, American chestnut 
and the hybrids, and Chinese chestnut and the hybrids. However, poor separations were 
obtained from the hybrids’ (B3F2 and B3F3) VOC profiles. This is the evidence that the 
VOCs from hybrids are different from their parents. Similar behavior in VOCs profiles 
involving hybrids and their parental genotypes have been observed in citrus fruit36 and 
peach tree siblings.61 Moreover, Zhang et al. suggested that the combination of univariate 
and PLS-DA approaches should be considered when handling biological data.62 
Therefore, the variable importance in projection (VIP) from PLS-DA and p-values < 
0.05, and the false discovery rates (FDR) were calculated. As a result, 13 volatile 
chemicals showed significantly higher or lower levels among species.  
Xuan et al. argued that using a set of data from complex biological samples may 
provide better discrimination power and more useful information.63 Therefore, the 
identification of biomarkers was not considered in this study. Furthermore, the clustering 
analysis such as K-means and Hierarchical cluster analysis (HCA) were also applied to 
compare and visualize similarities. The algorithms of cluster analysis focused on dividing 
data objects into groups or clusters based on shared common characteristics.64  
Two extensively applied cluster analysis methods in metabolomics, non-
hierarchical K-means, and hierarchical HCA were used in this study. The observation of 
K-means (Table 4.3) suggested the existence of high similarity of VOCs collected from 
hybridized generations. In addition, compared to the other tree species, the VOCs profiles 
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of Chinese chestnut leaves differ. However, K-means does not explain the variation 
between American chestnut leaves VOCs and the hybrids’. This phenomenon could be 
explained by the genotype intimacy between American chestnut and the hybrids since 
both B3F2 and B3F3 carried 15/16 portion of American chestnut genes.  
HCA was further employed for clustering the individual samples using Euclidian 
distance and Ward’s linkage method. The resulting clusters were represented in a 
dendrogram to indicate the similarity and distance of each sample in the dataset. HCA 
results suggest that VOC samples collected from parental genotypes differ from their 
breeding generations. Clear separation of VOCs profiles can also be made between 
American chestnut and Chinese chestnut. However, a high similarity of VOCs profiles 
was found in the two hybrids. HCA was consistent with the PLS-DA results, where clear 
separation can be made between parental chestnut tree species while poor separation was 
made between hybrids. 
4.5 Conclusion 
In the present study, we have established an extraction method to determinate the 
total phenolic content from chestnut tree leaf samples. Extraction condition were 
optimized for solvent type, solvent/mass ratio, pH and extraction time. Methanol was 
selected as an appropriate solvent for the extraction. The optimized solvent/mass ratio, 
extraction time, and pH, were 100:1, 24 hours, and pH = 2 respectively. The highest 
conventional phenolic content was found in Chinese chestnut, while the lowest was in 
American chestnut.  
This study also demonstrated the potential of using plant leaf tissue VOCs profiles 
to discriminate between American, Chinese, and their hybrids B3F2 and B3F3 via 
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nondestructive headspace SPME sampling with untargeted volatile metabolomics. A total 
of 67 VOCs were identified from all tree species. A strong emission of cis-3-hexenyl 
acetate was found in all tested samples. Although there were high similarities among tree 
species’ VOCs profiles, distinctions can be approached using chemometric analysis. A 
PLS-DA model showed that, compared with their parents, the VOCs from hybrids plant 
leaf is significantly different. The variations of thirteen VOCs among tree leaf samples 
were considered as significant. The similarities of samples were analyzed and visualized 
by clustering analysis such as K-means and HCA. Results from this study provide a 
feasible and useful method to rapidly classify four chestnut tree species using a small 
amount of leaves. The results from the study may provide further insight to American 
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Figure A.1 PCA score plot of first and second principal component (PC 1 and PC 2) 
for all cryphonectria parstica strains utilized in the study 
v 236-1c v 324-113 
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Figure A.2 Score plots from ASCA calculation of each factor 
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Figure A.3 ASCA score plots for phenotype, time, and their interaction based on PC1  
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Figure A.4 100-time permutation test for PLS-DA and OPLS in discrimination of  
hypovirulent from virulent strains 
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Table A.2 Identified compounds from biological control experiment 
No. Metabolites VIP1 p-value KEGG 
1 
1,1,4a-Trimethyl-5,6-
dimethylenedecahydronaphthalene 1.39 0.00278 
Naphthalene/aromatic 
compound degradation 
2 Butanoic acid, 3-methyl-, ethyl ester 1.37 0.00277 
Valine, leucine and 
isoleucine degradation 
3 1,4-Cadinadiene 1.36 0.00361 
Naphthalene 
degradation 
4 Calarene 1.36 0.00277 
Sesquiterpenoid and 
triterpenoid biosynthesis 








7 Valencene 1.34 0.00277 
Sesquiterpenoid and 
triterpenoid biosynthesis 
8 Germacrene 1.33 0.00216 
Sesquiterpenoid and 
triterpenoid biosynthesis 
9 4-Hexen-1-ol, Z- 1.33 0.00433 - 
10 1-Octen-3-one 1.32 0.00277 - 






3R-trans- 1.31 0.00216 - 
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Table A.3 Two-way ANOVA Calculation 
Two-way ANOVA Calculation 
m/z1 rt2 Phenotype Time Interaction 
57mz 24.20 7.3E-07 1.5E-01 3.0E-01 
81mz 15.90 1.0E-05 7.9E-06 4.0E-05 
121mz 44.50 1.0E-05 2.6E-05 5.1E-03 
57mz 29.62 6.2E-05 1.6E-02 2.0E-02 
43mz 16.74 1.0E-04 1.2E-06 6.7E-06 
91mz 15.09 1.5E-04 3.1E-09 1.3E-07 
44mz 4.03 1.5E-04 4.7E-10 1.3E-07 
87mz 29.71 2.0E-04 3.3E-04 1.1E-03 
69mz 45.92 3.5E-04 2.1E-07 3.6E-03 
55mz 13.46 1.3E-03 3.3E-10 2.5E-07 
189mz 43.88 1.3E-03 4.6E-03 2.6E-02 
57mz 13.65 4.3E-03 3.4E-03 5.5E-02 
161mz 44.52 4.9E-03 1.1E-07 8.5E-01 
49mz 14.49 5.5E-03 4.0E-05 3.7E-04 
82mz 8.55 5.5E-03 7.2E-03 5.4E-01 
83mz 7.95 5.5E-03 2.5E-02 1.3E-02 
119mz 44.65 1.2E-02 1.1E-08 4.5E-03 
132mz 45.92 1.2E-02 1.2E-06 1.1E-01 
109mz 46.28 1.5E-02 4.7E-10 2.1E-01 
159mz 45.83 1.5E-02 8.4E-06 4.5E-01 
75mz 6.63 2.9E-02 3.4E-02 2.6E-05 
121mz 46.23 4.3E-02 6.0E-10 6.0E-01 
73mz 37.86 6.0E-02 6.1E-03 1.3E-02 
43mz 8.70 6.6E-02 1.9E-03 2.2E-01 
137mz 44.52 8.4E-02 1.1E-05 2.7E-04 
43mz 4.88 8.5E-02 2.9E-08 8.4E-01 
281mz 28.26 9.2E-02 1.2E-02 5.1E-03 
207mz 18.60 1.1E-01 5.5E-02 1.2E-02 
73mz 42.83 1.3E-01 1.5E-02 1.6E-02 
45mz 4.45 1.7E-01 6.5E-16 6.2E-06 
134mz 45.69 2.1E-01 1.7E-06 1.1E-01 
42mz 5.44 2.3E-01 1.3E-05 4.5E-02 
121mz 44.69 2.7E-01 7.6E-10 6.7E-01 
189mz 45.39 3.5E-01 1.5E-10 4.4E-02 
95mz 46.16 3.8E-01 4.2E-08 5.7E-01 
267mz 34.73 5.7E-01 1.6E-02 1.2E-03 
161mz 45.46 6.4E-01 1.8E-06 4.4E-01 
93mz 45.42 7.9E-01 5.9E-06 9.1E-02 
1mass to charge ratio, and 2retention time 
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A.2 Chapter 3 
A.2.1 Figures of Chapter 3 
 
Figure A.6 OPLS model for hypovirulent strains and it 100- time cross validation test 
 
Figure A.7 OPLS model for hypovirulent strains and it 100- time cross validation test   
   
 181  
 
 
Figure A.8 OPLS model for virulent strains and it 100- time cross validation test 
 
 
Figure A.9 OPLS model calculation for correlations from C. parasitica volatile 
metabolites. Pcorr positive correlation (Pcorr > 0.8) (a) pyridione from 
hyopvirulent strain and (c) 2-methyl-furan virulent strain. Pcorr native 
correlation (Pcorr < -0.8) (b) 1-butanol from hypovirulent strain and (d) α-
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A.2.2 Tables of Chapter 3 
Table A.4 Pcorr scores calculated from OPLS model for C. parasitica virulent and 
hypovirulent strain 
Virulent hypovirulent 
Chemical Name p(corr) Chemical Name p(corr) 
Furan, 2-methyl- 0.814 1-Butanol -0.740 
Isopropyl Alcohol 0.667 Butanal -0.618 
1,4-Pentadiene 0.665 Carbon dioxide -0.610 
beta-Farnesene 0.640 1,4-Pentadiene, 2,3,4-
trimethyl- 
-0.529 
.beta.-Humulene 0.610 piGuaiene -0.427 
beta-Cubebene 0.593 Furan, 2,5-dimethyl- -0.377 
1-Propanol 0.538 alph-Selinen -0.373 
Ethylbenzene 0.533 2-Butanone, 3-methyl- -0.368 
1-Propanol, 2-methyl- 0.531 2-Butanone, 3-hydroxy- -0.341 
3-Buten-1-ol, 3-methyl- 0.526 1-Octene -0.328 
trans-alpha-Bergamotene 0.521 2-Butanone -0.314 
trans-7-Hexadecene 0.506 Butanal, 3-methyl- -0.297 
pi-Guaiene 0.411 Thujopsene -0.246 
Cubenene 0.374 6-Methylphenanthridine -0.212 
Butane, 2-methyl- 0.342 Cyclooctane -0.199 
alpha-Selinene 0.334 Toluene -0.188 
Cadala-110,3,8-triene 0.330 Ylangene -0.188 
Isolongifolene, 4,5,9,10-dehydro- 0.330 Dimethyl ether -0.184 
beta-Elemene 0.319 1-Propanol -0.167 
Z-3-hexadecene 0.280 Acetone -0.153 
9-Methyl-S-
octahydrophenanathracene 
0.271 Ethyl Acetate -0.130 
2,4,4,6,6,8,8-Heptamethyl-2-nonene 0.245 beta-Elemene -0.124 
beta-myrcene 0.236 Ethanol -0.120 
Undecane, 3,6-dimethyl- 0.224 1,3-Butadiene, 2-methyl- -0.072 
Acetic acid, butyl ester 0.222 alpha-Cedrene -0.067 
p-Xylene 0.176 2-Nonanol -0.043 
Benzene, 1,2,3-trimethyl- 0.174 1-Pentene, 2-methyl- -0.021 
Hept-2-ene, 2,4,4,6-tetramethyl- 0.165 Acetic acid ethenyl ester 0.035 
alpha-Cubebene 0.143 1-Hexanol, 2-ethyl- 0.071 






alpha-Gurjunene 0.127 Benzaldehyde 0.112 
Decanal 0.126 Styrene 0.131 
1-Hexanol, 2-ethyl- 0.089 Benzene 0.142 
Ylangene 0.060 Propanal, 2-methyl- 0.221 
#NAME? 0.043 Butanoic acid, ethyl ester 0.232 
beta-Cadinene 0.039 2-Pentanone 0.272 
n-Nonadecanol-1 0.033 Pyrrolidine-2,4-dione 0.273 
gamma-Cadinene 0.032 beta-Himachalene 0.338 
Cadina-110,6,8-triene 0.017 Acetaldehyde 0.395 









Cedrene -0.014 Octane 0.457 
Decane -0.019 3-Buten-1-ol, 3-methyl- 0.495 
Isoledene -0.030 1-Propanol, 2-methyl- 0.498 
Copaene -0.036 Furan, 2-methyl- 0.499 
Humulene -0.036 1,3-Pentadiene, E- 0.558 
Styrene -0.038 beta-Farnesene 0.613 
pi-Vatirenene -0.047 Formic acid, ethyl ester 0.614 
   
 183  
Table A.4 continued 
Virulent hypovirulent 
Chemical Name p(corr) Chemical Name p(corr) 
beta-Selinene -0.051 Phenylethyl Alcohol 0.638 
Dodecane -0.070 Caryphyllene 0.644 
delta-Cadinene -0.086 .gamma.-Elemene 0.684 
gamma-Elemene -0.095 alpha-Farnesene 0.696 
Valencene -0.103 Formic acid, pentyl ester 0.697 




Caryophyllene -0.117 2,4,6-Octatriene, 2,6-
dimethyl- 
0.705 
1-Butanol -0.124 Hexanal 0.731 
Furan -0.161 Diepi-.alpha.-cedrene 
epoxide 
0.746 
Benzene, 1-ethyl-2-methyl- -0.163 beta-Germacrene 0.747 
Propanoic acid, 2-methyl-, anhydride -0.173 Ketene 0.748 





-0.222 Isolongifolene 0.766 
3-Heptene, 2,2,4,6,6-pentamethyl- -0.262 trans-.al ha.-
Bergamotene 
0.788 
Cyclohexan , 1-methyl-3-pentyl- -0.275 y-Cadinene 0.806 




Ethanol -0.295 2-Butenoic acid, methyl 
ester, 
0.809 
Acetone -0.298 3-Penten 1-ol 0.818 
1-butanol, 2-methyl -0.313 Curcumene 0.818 
2-Heptanone -0.327 Cubenene 0.844 




Bicyclogermacrene -0.359 21H-Pyridinone 0.931 
Heptacosane -0.375 1-Butanol -0.740 
Nonanal -0.381 Butanal -0.618 
1,3,7-Octatriene, 3,7-dimethyl- -0.403 Carbon dioxide -0.610 
Undecane -0.404 1,4-Pentadiene, 2,3,4-
trimethyl- 
-0.529 
.alpha.-Cadinol -0.420 piGuaiene -0.427 
D-Limonene -0.432 Furan, 2,5-dimethyl- -0.377 
Furan, 3-methyl- -0.436 alph-Selinen -0.373 
Heptane, 2,2,6,6-tetramethyl-4-
methylene- 
-0.442 2-Butanone, 3-methyl- -0.368 
Octane, 2,5,6-trimethyl- -0.473 2-Butanone, 3-hydroxy- -0.341 
delta-seli ne -0.478 1-Octene -0.328 
Octane -0.479 2-Butanone -0.314 
1-Butanol, 3-methyl- -0.488 Butanal, 3-methyl- -0.297 
Undecane, 2,8-dimethyl- -0.495 Thujopsene -0.246 
Propanal, 2-methyl- -0.517 6-Methylphenanthridine -0.212 
2,4,4,6,6,8,8-Heptamethyl-1-nonene -0.545 Cyclooctane -0.199 
gamma-Muurolene -0.559 Toluene -0.188 
Heptane -0.570   
Cyclopentane, 2-methylbutylidene- -0.571   
Furan, 2,5-dimethyl- -0.577   
1,6-Octadien-3-ol, 3,7-dimethyl- -0.588   
Butanal -0.591   
2-Butanone -0.597   
1-Octene -0.613   
Methyl Isobutyl Ketone -0.618   
Hexadecane,2,6,10,14-tetramethyl- -0.668   
Nonane -0.670   
2,3-Butanedione -0.723   
Toluene -0.770   
o-Xylene -0.881   
Furan, tetrahydro- -0.907   
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